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1 . 0  INTRODUCTION 


High  performance  gas  turbine  engines  depend  on  materials  which  are  strong, 
light  and  able  to  operate  at  high  temperatures.  In  the  past,  major  advances 
in  engine  technology  have  been  associated  with  the  applications  of  nickel  and 
cobalt  base  superalloys  and  the  conventional  alpha-beta  titanium  alloys. 
Development  of  alpha-beta  titanium  alloys  has  improved  high  temperature 
capability  to  the  point  where  high  compressors  in  advanced  engines  utilize 
these  lightweight  materials.  Further  extension  of  the  use  of  lightweight 
materials  to  higher  temperature  structures  in  the  turbine  or  afterburner 
sections  of  the  engine  is  highly  desirable;  however,  current  titanium  alloys 
offer  only  limited  scope  for  improvement  without  a  major  breakthrough  in  alloy 
design  and  processing.  Materials  based  on  the  intermetallic  compound  Ti^Al 
have  been  evaluated  which  could  offer  considerable  advantage  over  conventional 
alloys  in  high  temperature  environments.  For  example,  design  analysis  and 
payoff  studies  have  indicated  significant  weight  savings  can  be  achieved  in  a 
wide  range  of  engine  applications.  In  general,  turbine  rotor  weight  savings 
from  30  to  40  percent  (three  to  five  percent  of  engine  weight)  would  be 
achieved  with  widespread  application  of  titanium  aluminides  in  rotating 
hardware;  engine  weight  savings  of  up  to  sixteen  percent  could  be  achieved  in 
fighter  engine  applications  in  static  structures  such  as  vanes,  cases  and 
bearing  supports.  Beyond  the  immediate  and  obvious  savings  in  engine  weight, 
it  is  possible  to  translate  these  benefits  into  significant  fuel  savings  with 
attendant  effects  on  operating  costs. 

The  development  of  alloys  based  on  the  Ti^Al  phase  has  reached  an  interesting 
stage.  Some  current  alloys  meet  many  of  the  strength  and  ductility  goals 
originally  established  in  the  1970's.  However,  a  barrier  to  extensive  use  of 
these  alloys  remains  the  rather  low  toughness  and  impact  resistance  exhibited 
at  temperatures  less  than  260°C  (500°F).  If  these  problems  can  be  overcome, 
it  is  possible  that  aluminide  applications  could  be  extended  to  many  critical 
rotating  components  in  gas  turbine  engines. 
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2.0  PROGRAM  SCOPE  AND  APPROACH 


2.1  Background 

At  the  inception  of  the  development  program  on  the  titanium  aluminides, 

program  goals  were  set  based  on  advanced  gas  turbine  engine  property 

( 1-4) 

requirements.  Previous  investigations  conducted  by  Pratt  &  Whitney 

have  defined  a  small  region  in  the  Ti-Al-Nb  system  that  met  the  strength, 
ductility  and  creep  rupture  goals  for  Ti^Al  base  alloys.  The  results  of 
these  alloy  screening  studies  can  be  represented  in  the  ternary  diagram 
shown  in  Figure  1,  which  illustrates  the  rather  limited  compositional 
range  in  which  acceptable  room  temperature  ductility  can  be  combined  with 
the  required  stress-rupture  capability.  The  alloy  Ti-25Al-14Nb*  in  the 
center  of  this  region  was  used  as  the  base  for  additional  alloy  studies. 
Alloys  formulated  with  vanadium  in  the  2-4%  range  as  a  replacement  for 
niobium  exhibited  comparable  properties  and  were  desirable  from  a  cost 
and  density  standpoint,  but  reductions  in  environmental  resistance 
eliminated  such  alloys  from  extensive  consideration.  Another  interesting 
addition  has  proved  to  be  molybdenum  which  seems  to  increase  both  the 
stiffness  (modulus)  and  stress-rupture  properties. 

At  present,  the  "best"  alloy  that  has  been  evaluated  in  any  detail  is 
Ti-25Al-10Nb-3V-lMo.  The  tensile  and  rupture  properties  of  this  alloy 
compared  program  goals  as  shown  in  Figure  2a.  Figure  2b  shows  the 
toughness  and  impact  values  measured  for  the  same  alloy  which  paint  a 
less  encouraging  picture  and  certainly  suggest  that  handling  during 
assembly  and  maintenance  of  parts  made  from  the  alloy  could  be  a  problem. 


*A11  values  are  in  atomic  percent  unless  otherwise  specified. 
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stress-rupture  life  (bottom  number)  of  forged  and  solution  treat' 
Ti-Al-Nb  -(X)  alloys  showing  proposed  compositional  region  to  be 
investigated  for  solid  solution  compositions. 
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Figure  2(a) 

Comparison  of  tensile  properties  and  creep  rupture  properties  of  fnrnpri 
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Figure  2(b) 

Notched  Charpy  impact  strength  and  fracture  toughness  of  forged 
and  solution  treated  Ti-25Al-10Nb-3V-lMo  compared  to  properties 
of  conventional  alpha-beta  alloys. 


2.2  Program  Objective 


The  objective  of  this  program  was  to  investigate  methods  of  improving  the 
toughness  of  alpha  two  alloys  with  the  goal  of  increasing  values  to  33 
MPa^meter  (30  ksi^inch)  without  compromising  high  temperature 
properties.  To  achieve  this,  a  two  phase  effort  was  conducted.  Phase  I 
consisted  of  four  tasks;  the  first  three  evaluated  methods  of  improving 
the  toughness  of  alloy  by: 


o  Solid  solution  modification  (Task  1) 
o  Utilizing  a  tough  second  phase  (Task  2) 
o  Creating  fine,  stable  dispersions  by  rapid 
solidification  methods  (Task  3) 


Task  4  combined  the  best  features  of  these  three  approaches  into  a 
single  alloy  series.  Phase  II  scaled  up  the  three  best  materials  and 
processes  from  Phase  I  and  characterized  the  mechanical  properties  of 
these  alloys  in  some  detail. 

2.3  Program  Approach 

2.3.1  Phase  I,  Task  1:  Solid  Solution  Alloys 

We  should  note  that  the  alloys  considered  to  be  most  promising  are  two 
phase  consisting  of  an  alpha-two  (Ti^Al  base  hexagonal)  and  beta  (body 
centered  cubic)  phase  although  the  former  predominates.  Thus,  this  task 
concentrated  on  methods  that  could  improve  the  toughness  of  the  alpha-two 
phase  or  current  phase  mixtures.  An  assumption  made  in  much  of  the 
following  discussion  of  alloying  strategies  is  that  tensile  ductility  is 
related  to  toughness.  In  a  general  sense,  this  is  true,  but  some  of  the 
potential  complications  are  clearly  illustrated  by  relationships  in 
conventional  titanium  alloys.  In  these  alloys,  acicular  alpharbeta 
structures  have  lower  ductility  but  better  toughness  than  an  equivalent 
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equiaxed  alpha: beta  phase  distribution.  It  can  be  noted  that  optimizing 
toughness  within  the  aluminides  has  never  been  attacked  systematically 
basically  because  of  the  preoccupation  with  the  ductility  of  the  alloys. 
By  anaiogy  with  conventional  titanium  alloys,  the  toughest  Ti^Al 
structure  would  be  anticipated  to  be  a  relatively  coarse  acicular 
structure;  however,  relatively  early  heat  treatment  studies  have  shown 
that  the  most  ductile  alpha-two  structure  was  a  very  fine  acicular 
structure.  The  analog  of  this  in  conventional  titanium  alloys  would  be 
anticipated  to  have  quite  low  toughness  (for  example  work  conducted  at 
P&W  with  very  similar  structures  in  Ti-6A1-4V  produced  by  the  Howmet  CST 
process  have  shown  that  the  fine  structure  has  about  half  the  toughness 
of  more  conventionally  beta  processed  material). 

Examination  of  the  alloying  directions  that  could  improve  the  toughness 
of  the  alpha-two  phase  reveal  that  the  only  two  systems  that  have  been 
shown  to  exhibit  ductility  in  the  "single"  phase  condition  are  Ti-Al-Ga 
and  Ti-Zr-In-Al ^ ^ .  In  the  former  case,  the  phase  Ti^Ga  is  present  in 
the  ductile  alloy  and  in  the  latter  a  phase  mixture  of  DO^g  and  Ll^ 
lattices  occur.  Both  Ga  and  In  are  rather  expensive  and,  therefore, 
alloys  containing  large  amounts  of  the  elements  are  not  feasible 
economically.  However,  it  was  considered  worthwhile  to  see  if  smaller 
gallium  additions  would  have  a  large  impact  on  the  properties  of  current 
alloys . 

Another  factor  that  has  influenced  ductility  is  the  oxygen  content  of 

alloys;  the  lower  the  levels  of  this  element,  the  higher  the  ductility  at 

ambient  temperatures.  As  the  prospect  for  low  oxygen  electrolytic  sponge 

fades,  it  is  apparent  that  the  best  the  industry  can  do  at  present  is  to 

hold  a  level  of  0.06%  (wt.)  oxygen  in  small  experimental  heats  and  a 

higher  value  in  larger  heats.  Earlier  studies  showed  that  levels  of 

approximately  0.03%  could  more  than  double  ductility  at  room 
(3) 

temperature  .  An  experimental  heat  with  quite  high  oxygen  levels  (0.19 
w/o)  was  the  basis  of  an  experiment  aimed  at  reducing  the  level  by  the 
addition  of  lanthanum.  The  experiment  was  at  least  partially  successful 
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in  that  elongation  at  room  temperature  showed  a  two-fold  increase.  It 
was  not  clear  if  the  effect  arose  from  effective  oxygen  gettering  or  from 
the  grain  refinement  that  was  also  observed.  The  use  of  lanthanide  and 
rare  earth  additions  for  either  or  both  reasons  was  deemed  worthy  of 
re investigation. 

Carbon  was  another  interstitial  element  that  was  evaluated  in  a  limited 
way,  in  the  initial  stages  of  titanium  aluminide  development.  In  alloys 
based  on  the  alpha-two  phase,  addition  of  up  to  0.7  a/o  carbon  appeared 
to  improve  strength  while  having  a  neutral  effect  on  ductility^  \ 
Addition  of  up  to  0.2  a/o  carbon  was  found  to  improve  creep  resistance  in 
gamma  base  two  phase  alloys The  conventional  alloy  IMI  834  also 
contains  carbon  to  improve  processability  by  "flattening"  the  thermal 
approach  to  the  alpha-beta: beta  transition,  thus  permitting  the  creation 
of  microstructures  with  small  amounts  of  equiaxed  phase  present.  Since 
the  present  alpha-two  alloys  are  similar  in  many  ways  to  the  high  creep 
strength  conventional  alloys,  we  felt  that  this  could  be  a  potential 
approach  for  thermomechanical  processing.  Therefore,  carbon  additions 
were  included  in  the  Task  1  screening  trials.  Subsequent  independent 
work  performed  concurrently  with  the  program  showed  little  advantage  for 
an  alpha-two: beta  microstructure;  thus,  the  need  for  carbon  to  control 
alpha- two  content  was  not  pursued. 

The  other  class  of  alloying  elements  of  interest  are  the  transition 

metals,  most  of  which  are  classed  as  neutral  or  beta  stabilizing 

(1-3) 

elements.  Earlier  studies  indicate  that  Zr  and  Hf  have  little  or  no 

effect  of  ductility,  so  elements  in  the  center  of  the  transition  group 
appear  the  most  attractive  candidates  for  further  alloying  studies. 
Niobium  has  become  the  centerpiece  of  this  study  over  the  years  and  the 
element  is  surprisingly  soluble  in  aluminides.  It  was,  therefore, 
decided  to  evaluate  if  higher  niobium  contents  can  produce  tougher 


structures . 


The  second  part  of  the  first  task  was  an  evaluation  of  thermomechanical 
effects  on  two  alloys  selected  in  Task  1.  The  specific  process  sequences 
such  as  heat  treatment  cycle  and  the  forging  procedure  were  deemed  to  be 
important.  Options  included  isothermal  or  nonisothermal  forging  methods, 
the  forging  sequence  and  the  final  forge  condition  (alpha:beta  or  beta). 

3.2  Phase  I,  Task  2:  Alloying  to  Produce  a  Tough  Second  Phase 

It  is  clear  from  the  studies  completed  to  date  that  the  body  centered 

(1-3) 

cubic  phase  is  the  only  viable  candidate  as  a  tough  phase  .  Other 

possibilities  include,  the  alpha  phase  and  an  ordered  L1-,  phase,  of  the 

Zr^Al  type,  for  example.  Alloys  can  be  made  of  the  alpha/alpha-two  type 

from  both  the  binary  and  ternary  (Ti-Al-Nb)  systems.  Although  high 

ductility  (and  by  implication  toughness)  can  be  exhibited  by  such  alloys, 

they  have  two  major  drawbacks.  First  is  the  tendency  to  be  unstable  and 

to  exhibit  poor  high  temperature  properties.  For  example,  screening  work 

at  P&W  has  shown  that  Ti:20Al  has  almost  the  same  stress-rupture 

capability  as  conventional  titanium  alloys.  It  is  possible  that  .if  inert 

particle  dispersions  are  effective  strengtheners  at  high  temperatures, 

the  alpha/alpha-two  systems  could  be  revisited.  The  prospect  of 

producing  an  ordered  LI-  structure  phase  was  evaluated  quite  thoroughly 

L  ( 1 ) 

in  the  early  stages  of  the  program  and  although  some  success  was 
achieved,  no  useful  alloy  appeared  feasible. 

Therefore,  the  beta  phase  is  the  only  second  phase  that  was  considered 
for  this  program  as  a  toughening  agent  for  aluminide  alloys. 

There  are  two  basic  approaches  for  using  the  beta  phase  to  produce  a 
tougher  system.  The  first  is  to  simply  manipulate  the  alloy  composition 
to  produce  a  greater  volume  fraction  of  the  phase  and  thus  potentially 
improve  the  overall  toughness  of  the  phase  mixture.  A  second,  more 
radical,  approach  was  to  define  a  beta  composition  (compatible  with  the 
alpha-two  phase)  with  superior  toughness,  produce  both  this  and  an  alpha 
two  phase  separately,  and  then  mix  and  consolidate  the  two  phases. 
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The  first  approach  utilized  simple  alloy  modifications  to  improve 
toughness.  Molybdenum  and  tungsten  were  two  obvious  candidates  to 
increase  the  amount  of  beta  phase  and  also  possibly  improve  the  high 
temperature  properties  of  the  phase.  Chromium  was  another  candidate 
element  to  increase  the  amount  of  beta  phase.  The  basic  information  on 
how  much  can  be  added  was  rather  limited;  based  on  Rockwell  work^\  it 
would  seem  that  at  least  two  atomic  percent  is  soluble  in  a  single  phase 
Ti-Al-Nb  base.  Thus,  it  seemed  that  levels  of  at  least  up  to  four  or 
more  percent  could  be  considered  in  this  program.  The  last  beta 
stabilizer  that  was  considered  for  this  part  of  the  program  was  copper. 

In  the  early  series  of  alloys  studied,  Cu,  Ni  and  Fe  of  the  late 
transition  elements  were  added  to  a  number  of  alloys.  Of  these,  copper 
in  some  cases  appeared  to  enhance  ductility.  As  programs  became  evermore 
focused  on  Ti-Al-Nb  alloys,  this  potential  beneficial  effect  was  not 
followed  up.  This  program  evaluated  the  ^fects  of  copper  at 
concentrations  up  to  4%  range. 

The  other  aspects  of  bi  *~a  phases  must  be  deduced  from  alloying  behavior 
in  conventional  titanium-based  alloys  as  so  little  work  has  been 
performed  on  the  aluminide-base  systems.  Two  other  candidate  elements 
that  emerge  from  such  a  study  are  tin  and  silicon.  Tin  is  added  to  most 
near  beta  alloys,  in  part  for  its  effect  on  low  temperature  (undesirable) 
phase  changes  such  as  omega-phase  formation  and  also  because  it  appears 
to  enhance  toughness.  In  the  case  of  silicon,  there  is  some  evidence 
that  high  temperature  properties  could  be  greatly  improved  by  this 
element . 

The  second  approach  was  to  develop  a  method  to  form  a  beta  phase  and 
distribute  this  through  an  alpha-two  matrix.  It  was  proposed  to  do  so 
using  powder  metallurgy  methods.  Obviously  such  a  system  could  be 
metastable,  but  two  factors  made  the  approach  workable  in  this  case. 
First,  the  projected  operating  temperatures  are  relatively  low  for  Ti^Al 
type  alloys  (704-1400°F  maximum)  where  interdiffusion  will  still  be  quite 
slow.  By  selecting  specific  alloys,  any  interdiffusion  that  does  occur 


can  be  tailored  to  prevent  any  deleterious  interfacial  alloy 
compositions.  The  first  problem  with  the  approach  was  to  define  beta 
alloys  with  an  attractive  property  balance.  Compositions  of  the  beta 
phase  in  current  aluminides  were  taken  as  a  starting  point.  Analysis  of 
this  phase  in  the  Ti-25Al-10Nb-3V-lMo  indicates  the  approximate 
composition  is  Ti-20A1-15  (Nb+V+Mo)  as  indicated  in  Figure  3.  Thus,  a 
beta  phase  was  constructed  with  somewhat  less  aluminum  and  more  beta 
stabilizing  elements.  The  choices  were  not  unlimited,  however;  ordered 
B2  and  L2^  structure  can  occur  in  these  compositional  areas  and  obviously 
had  to  be  avoided.  Further,  if  too  much  aluminum  was  removed,  oxidation 
resistance  may  well  be  compromised.  The  general  area  of  compositions 
that  were  evaluated  in  this  program  are  also  indicated  in  Figure  3. 
Silicon  additions  were  considered  to  improve  creep  resistance  of  the  beta 
phase.  If  too  large  a  difference  in  creep  capability  exists,  then  the 
properties  of  the  overall  system  could  be  compromised. 


2.3.3  Phase  I,  Task  3:  Dispersoid  Containing  Alloys 


This  third  class  of  alloys  suggested  for  this  study  were  a  rapidly 
solidified  (RS)  product.  The  objective  was  to  create  a  uniform  fine 
dispersion  of  stable  particles  in  any  alloy  and  in  this  way  not  only 
increase  strength  but  modify  plastic  flow  characteristics.  If  the  slip 
distribution  or  flow  dynamics  could  be  modified  correctly,  then  improved 
toughness  levels  could  result.  The  approach  has  much  in  common  with 
current  programs  that  are  modifying  conventional  titanium  alloys  with 
rare  earth  elements,  notably  erbium,  to  form  very  fine  stable  oxides^ 


Too  large  an  increase  in  strength  produced  by  a  fine  oxide  dispersion  of 
this  rather  low  ductility  system  could  cause  a  problem  at  ambient 
temperatures.  On  the  other  hand,  if  oxide  dispersions  are  effective  high 
temperature  strengtheners ,  they  could  be  very  important  in  beta  alloys 
where  creep  properties  are  anticipated  to  be  low.  The  specific  element 
chosen  to  form  an  oxide  dispersion  could  include  a  lanthanide  that  tends 


10 


4 


Figure  3 

ProDosed  alpha-two  and  beta  compositional  ranges  for 
developing  alloys  with  a  tough  second  phase. 


* 
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to  form  coarser  particle  (probably  in  the  melt)  or  erbium  or  other 
related  rare  earth  elements  which  form  fine  dispersions.  The  key  could 
be  the  ability  to  form  a  controlled  dispersion  from  both  a  size  and 
distribution  standpoint  and  to  insure  that  the  selected  components  of  the 
systems  are  compatible. 

A  second  effect  that  could  influence  toughness  was  the  removal  of  oxygen 
from  solid  solution  by  the  formation  of  stable  rare  earth  oxides.  As 
noted  above,  low  oxygen  results  in  quite  large  increases  in  ductility  at 
low  temperatures. 

To  screen  potentially  useful  systems,  small  amounts  of  alloys  evaluated 
in  the  tasks  1  and  2,  or  in  previous  studies  (Ti-25Al-10Nb-3V-lMo  for 
example)  were  doped  with  selected  rare  earth  elements,  etc.  A  limited 
quantity  of  splat  was  produced  to  evaluate  the  nature  of  dispersoid  found 
and  its  thermal  stability. 

Based  on  the  results  of  these  screening  studies,  an  alloy  composition  was 
selected  for  powder  production. 

2.3.4  Phase  I,  Task  4:  Combination  Alloys 

Task  4  combined  various  features  of  the  above  three  approaches  into  a 
single  alloy  series. 

2.4  Phase  II:  Scale-Up 

This  phase  involved  selecting  the  three  most  promising  alloys/processes 
from  Phase  I  and  conducting  a  fairly  extensive  property  testing  effort. 
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3.0  PHASE  I  RESULTS  AND  DISCUSSION 


3.1  Phase  I,  Task  1:  Solid  Solution  Alloys 

3.1.1  Alloy  Composition  and  Processing  -  Alloy  Screening 

The  general  outline  of  the  experimental  procedure  for  Task  1  was  as 
follows.  Alloys  were  formulated  based  on  the  principles  outlined  in 
section  2.3.1;  see  Table  1  for  specifics,  and  ingots  produced  using  a 
nonconsumable  arc  drop  casting  technique.  The  selected  elements  or 
master  alloy  were  melted  several  times  in  a  semicircular  water  cooled 
copper  mold  using  a  thoriated  tungsten  electrode  to  form  a  homogeneous 
hemispherical  button.  During  the  final  melt,  the  button  is  superheated 
rapidly  allowing  the  melt  to  drop  into  a  25  mm  (1  in)  diameter  x  100  mm 
(4  in)  long  water  cooled  copper  mold.  A  typical  drop  casting  is  shown  in 
Figure  4.  Aim  and  actual  chemistries  for  Task  1  alloys  are  given  in 
Tables  1  and  2. 

The  beta  transus  of  each  alloy  was  measured  by  metallographic  examination 
of  pieces  quenched  from  temperatures  in  the  range  982-1150°C 
( 1800-2100°F) .  Values  are  listed  in  Table  1.  The  remainder  of  each 
casting  was  hot  isostatically  pressed  (HIP)  att  temperatures  approximately 
27°C  (50°F)  below  the  beta  transus. 

The  HIP  castings  were  prepared  for  forging  by  lathe  turning  and 
chamfering  the  corners  and  coating  with  boron  nitride  as  a  lubricant. 
Forging  was  conducted  on  a  4.5  MN  (500  ton)  isothermal  press  at  the  P&W 
facility  in  West  Palm  Beach,  FL.  Upset  was  accomplished  in  vacuum  on  TZM 
alloy  flat  dies  at  a  strain  rate  of  2.5  mm/mm/min  (0.1  in/in/min). 
Temperatures  were  the  same  as  those  selected  for  HIP  in  order  to  produce 
a  fine  grained  alpha-beta  processed  microstructure.  A  typical  forging  is 
shown  in  Figure  5. 
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(^One  analysis  from  each  casting  (two  castings  per  alloy). 


It  was  decided  to  normalize  microstructure  for  the  alloys  and  provide  a 
high  toughness  condition  by  solution  treating  all  forgings  at  27°C  (50°F) 
above  the  beta  transus  followed  by  air  cooling.  The  solution  treated 
forgings  were  then  stabilized  by  heating  to  815°C  (1500°F)  for  one  hour 
and  air  cooling.  Independent  internal  work  on  Ti-25A1- lONb-AV  alloy 
demonstrated  that  stabilization  at  815°C  (1500°F)  resulted  in  good 
toughness  with  no  detrimental  effect  on  tensile  or  creep-rupture 
properties.  It  was  also  considered  that  this  process  would  result  in 
improved  microstructural  stability  and,  by  maintaining  a  similar 
microstructure  for  all  alloys,  the  property  differences  measured  would 
focus  on  compositional  effects. 

3.1.2  Results  and  Discussion  -  Alloy  Screening 

Metallographic  examination  and  hardness  testing  revealed  that  the 
selected  heat  treatment  approach  achieved  in  general,  the  aim  of 
normalizing  microstructure.  Hardness  values  (Table  1)  lay  in  a  narrow 
range  of  280-310  for  all  alloys.  Microstructures  typically  consisted  of 
relatively  coarse  beta  grains  with  alpha/alpha-two  platelets  in  a 
Widmanstatten  array.  Some  grain  boundary  alpha-two  phase  was  also 
present.  The  rare  earth  modified  alloys  3,  4  and  5  (La,  Er  and  Ce, 
respectively)  were  studied  more  closely  to  evaluate  the  size  and 
distribution  of  the  oxide  particles.  Examination  of  polished  and  very 
lightly  etched  specimens  revealed  that  specimens  containing  lanthanum  or 
cerium  exhibited  quite  large  dispersed  particles  ranging  from  100-300pm 
in  diameter,  while  the  erbium-containing  Alloy  4  had  dispersed  particles 
in  the  10-30Mm  range  uniformly  distributed  in  the  matrix  (Figure  6). 
Microprobe  analysis  revealed  that  some  of  the  rare  earth  additions  did 
not  react  to  form  oxides.  An  example  of  this  is  shown  in  Figure  7. 

Mechanical  property  characterization  consisted  of  RT,  427°C  (800°F), 

650°C  ( 1200"F )  tensile  testing;  650°C/385  MPa  (1200°F/55  ksi) 
creep-rupture  testing;  and  fracture  toughness  testing  of  fatigue 
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Second  phase  distribution  in  La,  Er  and  Ce  modified  Ti-25A1- 10Nb-4V  alloys. 


Krbiiun  and  oxygen  distribution  in  torgevi  and  heat 


precracked,  chevron  notched  bend  specimens*  at  room  temperature.  Tensile 
data  (Table  3)  may  be  compared  with  the  property  goals  shown  in  Figure  2 
in  section  2.1.  None  of  the  Task  1  alloys  tested  met  all  the  strength 
and  ductility  goals. 

The  lanthanum  and  cerium-containing  alloys  (3  and  5,  respectively)  had 
acceptable  properties  at  RT  and  427°C  (800°F)  and  the  quite  good  RA 
values  for  the  La  modified  alloy  at  RT  should  be  noted.  However,  the 
lanthanum  and  cerium-containing  alloys  showed  poor  properties  at  650°C 
( 1200°F ) . 

The  erbium  containing  Alloy  4  had  somewhat  lower  strength  and  ductility 
at  room  temperature,  but  significantly  better  properties  at  427°C  (800°F) 
and  650°C  (1200°F)  than  the  lanthanum  and  cerium-containing  Alloys  3  and 
5.  Microprobe  and  SEM  analysis  were  employed  in  an  attempt  to  understand 
the  differences.  The  following  observations  were  made,  based  on  these 
analyses: 

o  The  erbium  dispersoids  were  much  finer  than  the  lanthanum  and 
cerium-rich  particles  (Figure  6b). 

o  The  erbium  dispersoids  were  essentially  confined  to  the  beta 
grain  boundaries  (Figure  6b). 

o  Fracture  surfaces  of  the  RT  tensile  specimens  of  each  alloy  were 
similar  in  appearance  and  appeared  to  be  a  mixture  of  transgranular 
and  cleavage  fracture  (Figures  8a  and  9a). 


ASTM  method  E399-83 
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Tensile  Properties  of  Task  1  Alloys 
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*Due  to  a  machining  error,  only  four  specimens  were  available  for  alloys  4  &  17. 


Tensile  Properties  of  Task  1  Alloys 
(Continued) 
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(  800)  400  (58.0)  644  (93.4)  9.9  11.6 

386  (56.0)  680  (98.5)  16.2  21.4 

(1200)  427  (61.9)  597  (86.6)  5.5  7.9 

374  (54.2)  551  (79.8)  10.5  14.0 


Fracture  surface  typical  of  Er  containing  Ti~25A 1  - 1 0Nb-4V  (Alloy  A).  a)  HI 
tensile;  b)  6bO°C  (1200°F)  tensile.  Note  similar  nonoriented  fracture  surface 
at  both  temperatures. 


o  At  650°C  (1200°F),  the  lanthanum  and  cerium  containing  alloys 
appeared  to  fail  along  preferred  planes  parallel  to  the  fracture 
surface.  The  failure  planes  seemed  to  be  the  beta  grain  boundaries 
formed  in  the  cast  ingot  and  subsequently  flattened  during  forging. 
In  contrast,  the  erbium  alloy  tested  at  650°F  (1200°F)  had  a  similar 
fracture  appearance  as  the  companion  room  temperature  specimen 
(Figures  8b  and  9b). 

The  poor  elevated  temperature  properties  of  the  lanthanum  and  cerium 
containing  alloys  is  believed  to  be  caused  by  the  massive  oxide  particles 
and/or  segregation  present  in  the  prior  beta  grain  boundaries  in  a  region 
where  boundary  sliding  is  an  important  deformation  mechanism. 

The  Ti-25Al-10Nb-4V  alloys  containing  carbon  additions  failed  to  meet 
strength  and  ductility  goals  and  were  lower  in  strength  than  a  similarly 
processed  Ti-25A1- 10Nb-4V  alloy  ring  evaluated  in  an  independent  study. 

Of  the  three  alloys  with  variations  in  the  Al-Nb  ratio,  only  Alloy  19 
(Ti-24.5Al-17Nb)  showed  potential  promise  due  to  its  higher  strength  and 
ductility  at  room  and  higher  temperatures. 

Creep-rupture  data  are  given  in  Table  4.  At  the  650°C/385  MPa  (1200°F/55 
ksi)  condition,  it  is  no  surprise  that  the  lanthanum  and  cerium  alloys 
ruptured  on  loading  and  the  erbium  alloy  failed  in  a  short  time  as  the 
ultimate  strengths  are  less  than  385  MPa  (55  ksi).  The  carbon  containing 
alloys  exhibited  somewhat  better  rupture  resistance  but  also  fell  below 
goal  life.  Only  the  three  ternary  Ti-Al-Nb  alloys  lasted  longer  than  60 
hours  with  the  Ti-26Al-15Nb  alloy  (No.  17)  reaching  an  excellent  life  of 
240  hours. 


Fracture  toughness  data  for  the  Task  1  alloys  are  also  presented  in  Table 
4.  It  can  be  seen  that  all  alloys  exceeded  the  12.6  MPa^meter  (11.6  ksi 
\fi nch)  value  of  the  baseline  material  by  at  least  5.5  MPa\/meter  (5  ksi 
■yinch).  The  highest  toughness  was  measured  at  28.3  MPa'^meter  (26.0  ksi 
■^irich)  for  Alloy  19  which  approaches  the  toughness  levels  exhibited  by 
some  high  strength  titanium  alloys. 
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Table  4 

RT  Fracture  Toughness  and  650°C/385  Mpa 
(1200°F/55  Ksi)  Creep-Rupture  Properties 
of  Task  1  Alloys 
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Task  1  of  the  program  required  that  the  two  best  alloys  be  selected  for 
more  complete  screening  of  the  effect  of  thermomechanical  processing  on 
mechanical  properties.  One  obvious  alloy  was  the  Ti-24. 5Al-17Nb  (Alloy 
19)  composition  with  its  high  toughness  and  ductility,  combined  with 
adequate  tensile  strength  and  creep-rupture  capability.  No  promising 
second  alloy  was  apparent.  Therefore,  an  alloy  from  Task  2,  described  in 
section  3.2.2,  was  selected  as  the  second  material  for  thermomechanical 
processing.  The  composition  of  this  alloy  was  Ti-25Al-10Nb-4Mo  (Alloy 
15). 

3.1.3  Thermomechanical  Processing  (TMP) 

A  4  Kg  (9  lb)  ingot  of  each  alloy  was  prepared  by  VAR  melting  for  the 
processing  trials.  To  produce  material  with  a  low  oxygen  content,  the 
highest  quality  raw  materials  were  used  and  the  process  cycle  was 
controlled  to  minimize  oxygen  pickup. 

Titanium  sponge  was  obtained  from  International  Titanium  Inc.  of  Moses 
Lake,  Washington.  The  sponge  was  high  purity  with  low  (0.05  w/o)  oxygen. 
The  sponge  was  specially  screened  through  a  12  mm  (0.5  in)  screen  to 
facilitate  consolidation.  The  sponge  compacted  easily  and  exhibited  very 
little  outgassing  during  melting.  Elemental  aluminum  additions  were  made 
using  ALCOA  high  purity  shot  (99.999%)  with  less  than  0.001  oxygen; 
however,  most  aluminum  and  niobium  additions  were  made  using  a  high 
purity  60Nb-40Al  master  alloy  made  in-house  or  procured  from  Shieldalloy. 
Molybdenum  additions  were  made  using  high  purity  Mo^Al.  Oxygen  content 
of  the  master  alloys  was  less  than  0.001%  in  all  cases. 

Melting  of  primary  electrodes  was  conducted  in  a  Leybold-Heraeus  LH-1 
model  consumable  arc  furnace;  the  specific  procedure  used  is  given  in 
Table  5.  Samples  for  chemical  analysis  were  drilled  from  top,  middle  and 
bottom  locations  of  the  ingot.  A  solid  sample  was  removed  from  the  side 
of  the  ingot  for  oxygen  analysis.  Analyzed  chemical  composition  of  the 
ingots  is  given  in  Table  6;  the  oxygen  level  was  held  below  0.10%. 
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Table  5 


Titanium  Aluminide  Ingot  Production  Procedure 

o  Cut  3.8  cm  (1.5  in)  diameter  commercially  pure  tubing  to  required  length; 
machine  end  caps  0.54  cm  (0.25  in)  in  thickness. 

o  Acid  clean  tubing  and  caps  per  POP  223  and  store  in  clean  bags  or  brown 

paper  until  ready  to  use. 

o  Weld  bottom  caps  to  tubes  in  an  inert  atmosphere  of  argon. 

o  Fill  tube  gradually  with  blended  alloy  elements  and  titanium  sponge.  Cold 

press  using  a  titanium  ram  at  105  MPa  (15  ksi). 

o  Weld  to  make  primary  electrode;  VAR  melt  into  7.6  cm  (3  in)  diameter 
crucible . 

o  Quarter  first  melt  electrode  and  reweld  electrodes  into  a  new  stick. 

o  Remelt  into  7.6  cm  (3  in)  diameter  mold. 

o  Remove  material  for  chemical  analysis. 

Table  6 


Chemical  Composition  of  Task  1 
TMP  Ingots*  (W/0) 

A1  Nb  Mo _  _ O'” 


Alloy 

Aim 

Actual 

Aim 

Actual 

Aim 

Actual 

Aim 

Actual 

19 

13.0 

12.8 

31.0 

30.9 

- 

- 

0.10** 

0.07 

15 

13.7 

12.8 

19.0 

18.7 

7.8 

7.6 

0.10** 

0.09 

*Average  of  three  locations 

**Maximum 
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After  double  melting,  the  ingots  were  hot  isostatically  pressed  at  1000°C 
(1832°F)  and  105  MPa  (15  ksi)  for  3  hours  to  seal  internal  porosity  and 
pipe.  The  HIP'ed  ingots  were  cut  into  two  sections  and  lathe  turned  to 
remove  the  surface  and  square  the  ends.  One  section  of  each  alloy  was 
isothermally  beta  forged  at  1175°F  (2150°F)  using  the  4.5  MN  (500  ton) 
press  at  P&W  in  West  Palm  Beach,  FL.  Forging  reduction  was  from  7.5  cm 
(3  in)  high  to  1.25cm  (0.5  in).  The  remaining  section  from  each  alloy 
was  isothermally  beta  forged  using  a  similar  reduction  schedule,  followed 
by  quenching  into  815°C  (1500°F)  molten  salt  for  30  minutes  at 
Wyman-Gordon  Co. ,  Millbury,  MA.  A  typical  ingot  and  pancake  forging  is 
shown  in  Figure  10.  Each  pancake  forging  was  cut  into  two  equal  pieces 
for  heat  treatment,  resulting  in  a  total  of  eight  conditions.  A  summary 
of  the  eight  conditions  studied  is  given  in  Table  7. 

Structural  characterization  and  hardness  testing  was  performed  to  give  a 
preliminary  indication  of  property  capability.  Both  alloys  exhibited  a 
coarse,  nearly  equiaxed  macrostructure  after  forging  and  air  cooling  off 
the  press.  This  structure  persisted  in  both  the  aged  and  resolution 
treated  and  aged  conditions.  In  contrast,  the  direct  off  the  press  salt 
quenched  forgings  exhibited  a  finer,  heavily  deformed  and  elongated  macro 
grain  flow  (Figure  11)  which  remained  unchanged  in  subsequent  heat 
treatments.  While  similar  macro  effects  were  noted  in  both  alloys,  there 
were  major  differences  at  a  microstructural  level.  In  order  to 
facilitate  discussion,  each  alloy  will  be  treated  separately. 

Ti-24. 5Al-17Nb  (Alloy  19) 

After  forging  and  air  cooling,  Alloy  19  (Ti-24. 5Al-17Nb)  exhibited  a  very 
fine  needle-like  Widmanstatten  microstructure  (Figure  12a).  Direct  aging 
at  650°C  (1200°F)  for  8  hours  resulted  in  no  resolvable  change  in  the 
microstructure  (Figure  12b)  and  no  change  in  hardness  (both  averaged  Hv 
360).  After  solution  treating  at  27°C  (50°F)  below  the  beta  transus,  the 
microstructure  consisted  of  well-defined  prior  beta  grains  averaging 
0.375  mm  (0.0157  in)  in  diameter  (Figure  12c)  containing  a  coarse 
Widmanstatten  basket  weave  structure.  Hardness  was  Hv  278  Forging 
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Ti - 2U .  5A1 - 1 7Nb  Alloy  19  alter  isothermal  beta  lorging  at  1175UC  (215LPF) 
followed  hv  quenching  into  815°C  (1500°F)  molten  salt  for  30  min.  The  ingot 
section  prior  to  forging  is  shown  in  top  photo. 


Table  7 


Heat  Treatment  Schedule  for 
Task  1  TMP  Alloy  Study 


Alloy 

No. 

Composition 

'Forging  Temp 
°C  °F 

.  / Cool 

Heat  Treatment 

19-1 

Ti-24. 5Al-17Nb 

1175 

2150 

Air  Cool 

650°C  ( 1200°F)/8  hours 

AC 

19-2 

tl 

If 

II 

It 

1050°C  (1925°F)/1  hour 

AC 

+  650°C  (l200°F)/8  hrs 

AC 

19-3 

If 

If 

H 

Salt  Quench* 

As-Forged 

19-4 

II 

II 

II 

II 

650°C  (1200°F)/8  hours 

AC 

15-1 

Ti-25A1-1 0Nb-4Mo 

1175 

2150 

Air  Cool 

650°C  (1200°F)/8  hours 

AC 

15-2 

II 

II 

If 

If 

1050°C  (1925°F)/1  hour 

AC 

+  650°C  (1200°F)/8  hrs 

AC 

15-3 

II 

If 

II 

Salt  Quench* 

As-Forged 

15-4 

II 

II 

II 

II 

650°C  ( 1200°F)/8  hours 

AC 

*Salt 

quench  from  press  to  815°C 

(1500° 

F)  and  hold  for 

30  minutes. 
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Macrost  rue t. uro  ■  '{  i.isk  1  TMF  forgings.  a)  Air  cooled  from  press;  1>  )  Salt 
quenched  from  press. 


Microstructures  of  Alloy  19  (Ti-24 . 5A1- 17Nb)  pancake  fbrging  after  processing, 
a)  as-forged  1175°C  (2150°F)  AC;  b)  direct  age  650°C  (1200°F)/8  hours  AC;  STA 
1065°C  ( 1925°F )/l  hour  AC  +  650°C  (1200°F)/8  hours  AC. 


followed  by  direct  salt  quenching  resulted  in  a  similar  microstructure  to 
that  achieved  by  air  cooling  although  the  Widmanstatten  needles  were  more 
numerous,  slightly  coarser  and  longer  as  a  result  of  the  isothermal 
transformation  (Figure  13a).  As  before,  samples  subjected  to  direct 
aging  at  650°C  (!200°F)/8  hours  showed  little  visual  change  (Figure  13b). 
Average  hardness  was  Hv  308  for  both  conditions.  Selected  specimens  were 
examined  in  more  detail  by  transmission  electron  microscopy  (TEM).  This 
confirmed  that  there  was  little  basic  difference  in  the  microstructure  of 
this  alloy  processed  by  the  two  different  techniques.  However,  it  was 
shown  that  the  aipha-two  phase  in  the  air  cooled  sample  exhibited  up  4 
w/o  variation  is  bb  content  indicating  a  nonequilibrium  condition.  In 
addition,  small  patches  of  fine  basketweave  morphology,  consistent  with  a 
structure  formed  during  continuous  cooling,  were  found  only  in  the  air 
cooled  material  (Figure  14). 

Tensile  properties  of  the  Alloy  19  series  are  given  in  Table  8.  All 
process  sequencers  evaluated  resulted  in  better  strength  and  ductility 
than  the  alpha -bet  a  forge,  beta  anneal  +  age  procedure  used  for  screening 
trials.  Program  goals  were  easily  met.  The  room  temperature  ductility 
values  are  am-  ng  t  he  highest  ever  achieved  on  intermediate  scale  titanium 
aluminide  forgings.  The  major  difference  in  properties  among  the  four 
conditions  was  the  yield  strength  which  varied  about  140  MPa  (20  ksi) 
between  the  air  cooled  and  direct  aged  material.  Creep  rupture  data  are 
presented  in  Table  9.  All  conditions  met  the  goal  life  of  60  hours  at 
650°C/385  MPa  (1200'’F/55  ksi)  by  a  narrow  margin  and  there  was  very 
little  difference-  . n  rupture  capability  among  the  various  processes. 

Room  temperature  fracture  toughness  test  data  are  given  in  Table  10. 
Values  ranged  fr  ;  40.6-28.6  MPa^meter  (18.7-26.0  ksi-yinch)  for  the 
four  conditions.  Only  one  condition  achieved  the  value  of  28.3  MPa 
Ceter  (26.0  ksi-^inch)  of  the  beta  annealed  specimen  used  in  the 
screening  study.  H  seems  apparent  that  the  toughness  is  only  mildly 
microstructure  dependent  in  these  beta  processed  conditions  but  does 
correlate  with  tensile  ductility;  i.e.,  toughness  increased  as  ductility 
increased. 
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Table  8 


Tensile  Properties  of  Thermomechanically 
Processed  Ti-24. 5Al-17Nb  Alloy  19 


Alloy 

Forging  and,  v 
Heat  Treat 

Test 

Temp. 

0.2%  Yield  Str. 

Ult.  Tens.  Str. 

EL 

RA 

Number 

°C 

°F 

MPA 

Ksi 

MPA 

Ksi 

(%) 

(%) 

19-1 

1175°C  DA 

21 

70 

931 

134.3 

1097 

158.3 

6.3 

7.9 

(2150°F) 

975 

140.7 

1131 

163.2 

5.3 

11.9 

Air  Cool 

427 

800 

822 

118.6 

1009 

145.6 

12.5 

45.7 

856 

123.5 

1007 

145.3 

9.0 

38.6 

650 

1200 

747 

107.8 

852 

123.0 

7.0 

26.4 

692 

99.6 

799 

115.3 

5.3 

19.2 

19-2 

1 175°C  STA 

21 

70 

718 

103.6 

989 

142.7 

8.6 

14.3 

( 2150°F) 

669 

96.5 

901 

130.0 

11.0 

13.8 

Air  Cool 

427 

800 

552 

79.7 

856 

123.6 

19.3 

51.9 

590 

85.1 

911 

131.4 

20.4 

39.7 

650 

1200 

527 

76.0 

687 

99.1 

11.0 

33.2 

534 

77.1 

696 

100.4 

10.5 

25.1 

19-3 

1 175°C  AF 

21 

70 

716 

103.3 

944 

136.3 

6.8 

9.2 

( 2150°F) 

SQ  815°C 

751 

108.4 

958 

138.3 

6.3 

9.1 

( 1 500°F ) 

427 

800 

626 

90.4 

886 

127.9 

18.0 

35.1 

Air  Cool 

761 

109.8 

865 

124.8 

20.9 

40.2 

650 

1200 

552 

79.7 

698 

100.7 

9.0 

30.7 

549 

79.2 

690 

99.5 

9.2 

23.8 

19-4 

1 175°C  DA 

21 

70 

755 

109.0 

958 

138.8 

5.8 

7.0 

( 21 50°F) 

SQ  8 1 5°C 

721 

104.0 

934 

134.8 

5.8 

9.2 

C 1 500°F ) 

427 

800 

613 

88.4 

875 

126.2 

15.4 

34.0 

Air  Cool 

627 

90.5 

896 

129.3 

15.8 

41.2 

650 

1200 

565 

81.5 

703 

101.5 

8.3 

22.7 

552 

79.7 

727 

104.9 

8.6 

19.1 

As  -  forged 

650°C  ( 1200°F )/8  hours/AC 


STA  =  1050°C  (  1925°F ) / 1  hour/AC  +  650°C 


( 1200°F )/8  hour/AC 
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Table  9 


Creep  Rupture  Lives  of  Thermomechanically 
Processed  Ti-24 . 5A1- 17Nb  (Alloy  19) 


Alloy 

Number 

Forging  and,.,. 
Heat  Treat 

Test  Conditions 
°C/MPa  ( °F/Ksi) 

0.2% 

Time  to 
0.5% 

(Hours) 

1.0% 

Rupt . 

Post  ' 
%EL 

Test 

%RA 

19-1 

1175°C 

(2150°F) 

Air  Cool 

DA 

650/385  (1200/55) 

NA 

NA 

NA 

67.7 

10.6 

15.5 

19-2 

H 

STA 

NA 

NA 

NA 

50.9 

8.15 

12.9 

19-3 

1 175°C  ( 2150°F) 
SQ  815°C) 

( 1500°F) 

Air  Cool 

AF 

NA 

NA 

NA 

75.8 

8.62 

12.4 

19-4 

It 

DA 

0.4 

3.1 

10.1 

84.2 

9.5 

16.0 

^  D  AF  =  As -forged 

DA  =  650°C  ( 1200°F)/8  hours/AC 
STA  =  1050°C  (1925°F)/1  hour/AC  +  650°C  (!200°F/8  hours/AC 


Table  10 


Room  Temperature  Fracture  Toughness  of 
Thermomechanically  Processed  Ti-24. 5Al-17Nb 
(Alloy  19) 


Alloy 

Number 

Heat  ,  ^  \ 
Treat 

K1C 

Forging  Condition 

MPa^/Meter 

Ksi \l  Inc 

1 

19-1 

1 175°C  (2150°F)  AC 

DA 

20.6 

18.7 

19-2 

It 

STA 

27.6 

25.1 

19-3 

1 175°C  (2150°F )  SQ  815°C 
(1500°F)/30  min/AC 

AF 

26.0 

23.6 

19-4 

II 

DA 

28.6 

26.0 
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Ti-25Al-10Nb-4Mo  (Alloy  15) 


Forged  and  air  cooled  Alloy  15  (Ti-25A1- 10Nb-4Mo)  exhibited  a  nearly 
featureless  microstructure  and  only  faint  grain  boundaries  could  be  seen 
despite  heavy  etching  (Figure  15a).  Hardness  averaged  Hv  380.  After 
direct  aging  at  650°C  (l200°F),  a  structure  with  subgrains  visible  within 
the  larger  equiaxed  beta  grains  (Figure  15b)  was  observed.  Average 
hardness  increased  to  Hv  523.  Solution  treating  and  aging  resulted  in  a 
fine  matrix  with  about  10-15%  needle-like  alpha-two  phase  present  (Figure 
15c).  Hardness  in  this  condition  was  Hv  515. 

The  forged  and  salt  quenched  Alloy  15  microstructure  is  shown  in  Figure 
16a  and  consists  of  an  optically  resolvable  but  extremely  fine 
Widmanstatten  needle-like  structure  with  a  hardness  average  of  Hv  400. 

One  section  of  the  forging  was  aged  at  650°C  (1200°F).  The  aged 
microstructure  exhibited  no  change  in  appearance  (Figure  16b)  or  hardness 
(Hv  =  413). 

It  was  realized  that  the  high  hardness  values  of  the  air  cooled  Alloy  15 
material  would  probably  result  in  high  tensile  and  possibly  creep 
strength,  but  low  ductility  and  thus  fracture  toughness.  Therefore,  an 
overaging  program  was  initiated  to  determine  if  the  alloy  could  be 
softened.  Small  1.25  cm  (0.5  in)  square  coupons  were  prepared,  solution 
treated  at  1050°C  (1925°F)  and  air  cooled.  Aging  temperatures  ranged 
from  650°C  (1200°F)  to  925°C  (1700°F)  for  times  ranging  from  2-24  hours. 
It  became  apparent  that  the  alloy  was  very  resistant  to  softening.  It 
was  necessary  to  heat  the  alloy  to  925°C  (1700°F)  for  two  hours  to  effect 
a  100  point  (Hv)  change  in  hardness.  This  was  apparently  achieved  by 
additional  precipitation  of  finer  alpha-two  phase  platelets  as 
illustrated  for  the  STA  specimens  (group  15-2)  in  Figure  17.  Accordingly 
air  cooled  specimen  blanks  were  given  the  925°C  (1700°F)  overage  prior  to 
testing . 

Analytical  electron  microscopy  was  again  employed  in  order  to  more  fully 
characterize  the  differences  between  the  air  cooled  and  salt  quenched 
material.  The  most  obvious  differences  in  structure  are  summarized  in 
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Microstructure  of  Ti-25Al-10Nb-4Mo  specimens  from  group  15-2.  a)  Forged,  air 
cooled  plus  STA;  b)  After  additional  925°C  (1700°F)  overaging  heat  treatment 
prior  to  testing.  Note  fine  secondary  alpha-two  plates. 


Figure  18.  It  can  be  seen  that  the  air  cooled  material  contains  a  higher 
beta  phase  content  in  which  both  coarse  ( 1 176°C/2150°F)  and  fine 
(925°C/1700°F)  of  alpha-two  platelets  have  formed.  Also  a  continuous 
film  of  coarse  alpha-two  platelets  is  present  in  prior  beta  grain 
boundaries.  The  beta  phase  was  rich  in  niobium  and  molybdenum  as 
expected,  while  the  alpha-two  phase  was  aluminum- rich.  The  level  of 
molybdenum  was  quite  low  in  the  alpha-two  phase  and  niobium  was  only 
about  half  that  of  the  bulk  composition  level.  Salt  quenched  Alloy  15 
samples  showed  a  much  greater  level  of  transformation.  Alpha-two 
platelets  had  a  higher  aspect  ratio  and  were  more  uniform  than  those  in 
the  air  cooled  material.  The  alpha-two  phase  distribution  was  primarily 
Widmanstatten  but  some  small  colony  clusters  were  also  visible.  There 
was  little  prior  beta  grain  boundary  decoration  by  the  alpha-two  phase. 
Isolated  areas  of  beta  phase  were  present  between  the  alpha-two 
platelets.  Composition  of  the  two  phases  were  similar  to  the  air  cooled 
material  although  Mo  contents  had  become  more  uniform.  It  is  clear  that 
the  addition  of  molybdenum  to  the  base  Ti-Al-Nb  composition  causes  a 
significant  slowing  of  the  beta-alpha-two  +  beta  transformation, 
resulting  in  the  ability  to  retain  substantial  amounts  of  beta  phase 
after  equivalent  heat  treatments. 

Tensile  properties  of  the  Ti-25A1- 10Nb-4Mo  alloy  are  presented  in  Table 
11.  Forged,  air  cooled  and  aged  specimens  did  not  yield  prior  to 
fracture  and  had  no  measurable  ductility  up  to  and  including  650°C 
(1200°F).  The  extreme  brittleness  of  the  material  in  this  condition  is 
reflected  in  the  low  fracture  stresses.  Specimens  from  salt  quenched 
forgings  exhibited  much  better  tensile  properties,  although  at  room 
temperature,  ductility  remained  quite  low.  Some  salt  quenched  specimens 
did  yield  at  room  temperature  with  a  strength  approaching  1040  MPa  (150 
ksi).  At  650°C  (1200°F)  yield  strength  still  exceeded  690  MPa  (100  ksi). 
Fractographic  analysis  was  conducted  on  a  representative  air  cooled  and 
salt  quenched  specimen  that  had  been  tensile  tested  at  room  temperature. 
It  was  observed  that  the  air  cooled  specimen  exhibited  large  area  of  flat 
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Table  11 


Tensile  Properties  of  Thermomechanically 
Processed  Ti-25A1- 10Nb-4Mo  Alloy  15 


Alloy 

Forging  and,  , 
Heat  Treat 

Test  Temp. 

0.2%  Yield  Str 

Ult.  Str 

.  (3) 

EL 

RA 

Number 

°C 

°F 

MPA 

Ksi 

MPA 

Ksi 

(%) 

(%) 

15-1 

(2) 

1 175°C  DAV  ' 

21 

70 

. 

407 

58.7 

0 

0 

( 2150°F) 

427 

800 

475 

68.5 

0 

0 

- 

41.9 

0 

0 

650 

1200 

- 

400 

57.8 

0 

0 

15-2 

(2) 

1 175°C  STA.K  J 

21 

70 

_ 

441 

63.7 

0 

0 

(2150°F) 

Air  Cool 

427 

800 

- 

290 

41.9 

0 

0 

650 

1200 

- 

448 

64.7 

0 

0 

15-3 

1 175°C  AF 

21 

70 

758 

109.6 

0.24 

0 

(2150°F) 

SQ  815°C 

- 

1041 

150.3 

0.32 

0 

( 1500°F) 

427 

800 

796 

114.8 

1120 

161.6 

13.8 

25.2 

Air  Cool 

815 

117.6 

1090 

157.2 

8.9 

19.2 

650 

1200 

806 

116.3 

920 

132.8 

4.0 

9.2 

775 

111.8 

904 

130.4 

3.1 

6.5 

15-4 

1 175°C  DA 

21 

70 

- 

958 

138.3 

0.4 

0 

( 2150°F) 

SQ  815°C 

1021 

147.4 

1159 

167.2 

1.5 

1.3 

( 1500°F) 

427 

800 

845 

122.0 

1107 

159.8 

5.8 

7.0 

Air  Cool 

822 

118.6 

1096 

158.1 

7.0 

9.8 

650 

1200 

745 

107.5 

898 

129.6 

3.5 

9.1 

721 

104.1 

894 

129.0 

3.1 

14.1 

(,V  = 

As-forged 

DA  = 

650°C  ( 1200°F )/8 

hours/AC 

STA  = 

1050°C  (1925°F)/1 

hour/AC  4 

■  650°C  ( 1200°F)/8 

hour/ AC 

(2) 

Vacuum  annealed  after 

machining 

925°C  (1700°F)/2 

hours/ 

(3) 

Values  for  15-1  and  15 

i-2  do 

not 

give  actual  "ultimate"  strength 
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cleavage  fracture  while  the  salt  quenched  specimen  had  a  rougher  surface 
with  possible  cleavage  on  a  smaller  scale  (Figure  19).  At  higher 
magnification,  fracture  surface  of  the  salt  quenched  specimen  appeared  to 
exhibit  quasi-ductile  tearing,  probably  along  the  platelet  boundaries;  in 
contrast,  air  cooled  material  fracture  surfaces  were  much  flatter,  the 
fracture  appearing  to  travel  rapidly  through  the  beta  phase,  but  leaving 
ridge-like  striae  at  the  alpha-two  platelets.  Metallographic  cross 
sections  of  the  two  specimens  were  then  prepared  and  examined.  The 
fracture  mode  was  similar  for  both;  crack  propagation  was  essentially 
transgranular  and  did  not  propagate  along  the  prior  beta  grain  boundaries 
(Figure  20).  It  is  probable  that  the  difference  in  properties  is 
somewhat  grain  size  related  in  that  an  advancing  crack  could  progress 
more  rapidly  across  large  grains  before  changing  directions.  Parallel 
behavior  has  been  observed  for  cast  or  beta  annealed  wrought  conventional 
alloys  in  independent  studies.  Coarse  grain  size  was  shown  to  have  a 
strong  influence  on  low  temperature  tensile  ductility  and  fracture 
occurred  in  an  identical  manner.  However,  based  on  the  TEM  and  SEM 
analysis,  it  seems  likely  that  the  fully  transformed  acicular 
microstructure  also  contributed  heavily  to  property  improvement  of  salt 
quenched  material. 

Creep  rupture  data  are  given  in  Table  12.  Forged  and  air  cooled 
specimens  failed  in  10  hours  or  less  while  the  salt  quenched  specimens 
had  lives  of  100-200  hours  at  650°C  (1200°F)/380  MPa  (55  ksi).  Air 
cooled  material  did  not  yield  at  this  temperature  and  the  fracture  stress 
cf  the  material  was  very  close  to  the  applied  creep  rupture  stress  of  380 
MPa  (55  ksi),  which  probably  explains  the  low  life.  However,  the 
behavior  is  in  sharp  contrast  to  that  found  in  a  similar  alloy  evaluated 
in  Task  2,  described  in  section  3.3.2.  Here  a  coarse  grained  version  of 
the  alloy  exhibited  lives  in  excess  of  600  hours.  The  difference  may  be 
attributed  to  heat  treatment.  The  rather  slow  cooling  rate  from  the  beta 
phase  field  used  in  the  Task  2  heat  treatments  resulted  in  more  complete 
transformation  than  in  the  present  case.  Apparently,  the  larger  amount 
of  retained  beta  reduces  ductility  substantially  causing  premature 
brittle  fracture  even  in  a  stress-rupture  test. 
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Table  12 


Creep  Rupture  Lives  of  Thermomechanically 
Processed  Ti-25A1- 10Nb-4Mo  (Alloy  15) 


Alloy 

Forging  and..^ 
Heat  Treat 

Test  Conditions 

Time  to 

(Hours 

) 

Post  Test 

Number 

° C/MPa  ( °F/Ksi) 

0.2% 

0.5% 

1.0% 

Rupt . 

%EL 

%RA 

15-1 

1 175°C 
(2150°F) 

Air  Cool 

DA 

650/385  (1200/55) 

<0.1 

- 

- 

0.4 

0.22 

0.12 

15-2 

H 

STA 

(2) 

0.4 

5.7 

- 

11.1 

Failed 

Radius 

in 

15-3 

1 175°C  (2150°F) 
SQ  815°C) 

AF 

0.7 

14.0 

63.0 

120.1 

2.0 

7.6 

15-4 

( 1500°F ) 

Air  Cool 

DA 

1.9 

11.0 

43.0 

199.7 

3.6 

6.7 

Table  13 

Room  Temperature  Fracture  Toughness  of 
Thermomechanically  Processed 
Ti-25A1-1 ONb- 4Mo  (Alloy  15) 


Alloy 

Number 

Forging  Condition 

Heat  / . \ 
Treat  1 ' 

K1C 

MPa-\ /Meter 

Ksi Inch 

15-1 

1 175°C  (2150°F)  AC 

da(2) 

V 

12.2 

V 

11.1 

15-2 

M 

sta(2) 

8.5 

7.7 

15-3 

1175°C  (2150°F )  SQ  815°C 

AF 

15.2 

13.8 

15-4 

( 1500°F)/30  min/AC 

II 

DA 

13.4 

12.2 

AF  =  As-forged 

DA  =  650°C  (1200°F)/8  hours/AC 
STA  =  1050°C  (1925°F)/1  hour/AC  +  650°C  (1200°F/8  hours/AC 

^^15-1  and  15-2  were  vacuum  annealed  at  925°C  (1700°F)  after  machining 
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Room  temperature  fracture  toughness  of  the  Ti-25Al-10Nb-4Mo  alloy  was 
about  half  that  of  the  Ti-24 . 5A1- 17Nb  alloy,  ranging  from  8.5-15.2  MPa 
•\fmet.er  (7.7-13.8  ksi^inch).  Material  which  had  been  salt  quenched 
appeared  to  be  slightly  tougher  than  air  cooled  specimens,  but  actual 
differences  among  the  four  conditions  were  smaller  than  may  have  been 
expected  from  the  tensile  behavior  (Table  13). 

The  results  of  the  TMP  study  made  it  clear  that  the  alloys  selected 
probably  bracket  the  property  balance  options  for  this  class  of 
aluminides.  The  Ti-24. 5Al-17Nb  alloy  showed  an  excellent  combination  of 
tensile  strength,  ductility  and  toughness  but  creep  capability  was 
marginal.  Another  attractive  feature  of  the  alloy  was  that  good 
properties  could  be  achieved  with  a  number  of  process  cycles.  In  the 
case  of  Alloy  15,  the  addition  of  4%  molybdenum  is  probably  too  high  at 
the  10%  niobium  level  and  limits  processing  options  which  could  result  in 
a  useful  set  of  properties.  The  isothermal  forge/ salt  quenching  approach 
results  in  better  properties  and  three  factors  may  contribute.  They  are 
a  finer  grain  size,  a  more  complete  transformation  (p-^o^  +  p)  and 
possibly  the  lack  of  a  network  of  grain  boundary  alpha- two.  The  alloy 
was  about  twenty-five  percent  stronger  than  the  ternary  Ti-24. 5Al-17Nb 
alloy  and  showed  about  twice  the  creep  rupture  capability.  Toughness  was 
about  half  that  of  the  ternary  alloy.  So  the  challenge  was  clear  -  could 
the  ternary  alloy  be  modified  with  sufficient  molybdenum  to  increase  the 
tensile/rupture  properties  while  maintaining  a  measurable  toughness 
level.  In  addition,  could  the  modification  be  tailored  to  give  a 
reasonable  processing  latitude  to  yield  the  required  properties. 

3.2  Task  2  -  Alloying  to  Produce  a  Tough  Second  Phase 

3.2.1  Phase  I,  Task  2  -  Alloy  Composition  and  Processing  -  Alloy  Screening 

Alloys  for  the  initial  portion  of  t't  task  were  processed  and  evaluated 
in  an  identical  manner  to  those  of  T.  -  1.  The  aim  was  to  formulate  an 
alpha-two  alloy  with  a  greater  amount  of  a  tough  and  ductile  beta  phase. 
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Specific  alloy  chemistries  selected  and  processing  data  are  shown  in 
Table  14.  Chemical  analysis  results  are  given  in  Table  15  which  show 
that  aim  compositions  were  achieved  in  all  alloys.  After  HIP  and 
forging,  the  heat  treatment/processing  approach  was  identical  to  that 
conducted  in  Task  1  alloys. 

3.2.2  Results  and  Discussion  -  Alloy  Screening 

The  alloys  in  this  task  fall  into  two  classes  and  will  be  discussed 
separately.  Alloys  8  through  15  are  similar  to  current  alpha-two 
titanium  aluminide  compositions  with  various  beta  stabilizing  elements 
(W,  Cr,  Cu  and  Mo)  added  in  an  attempt  to  improve  strength  and  toughness. 
Alloys  20,  21  and  22  were  formulated  with  low  aluminum  and  high  niobium 
contents  in  order  to  produce  a  predominantly  beta  phase  structure.  If 
successful,  one  of  these  alloys  would  be  selected  as  the  'tough' 
component  of  a  blended  powder  alloy  system. 

Metallographic  examination  of  the  first  group  of  alloys  revealed  that 
most  exhibited  microstructures  consisting  primarily  of  coarse  acicular 
platelets,  with  the  prior  beta  grains  outlined  by  an  almost  continuous 
alpha-two  film  (Figures  21-24).  Two  exceptions  were  found.  Alloy  11  (4% 
Cr)  and  15  (4%  Mo)  had  microstructures  with  smaller  grains  and  much  finer 
transformed  acicular  structure.  These  structures  are  interesting  in  that 
they  resulted  in  alloys  with  very  high  tensile  and  creep-rupture 
strengths.  Hardness  values  showed  considerably  more  variability  than  the 
Task  1  alloys.  One  trend  observed  was  that  for  each  alloy  pair,  the  one 
containing  the  higher  amount  of  beta  phase  stabilizer  had  the  higher 
hardness.  Molybdenum  additions  appeared  to  result  in  the  most  potent 
hardening  effect. 

Tensile  testing  was  conducted  at  RT,  42 7°C  (800°F)  and  650°C  (1200°F)  and 
results  are  listed  in  Table  16.  All  alloys  were  lower  in  ductility  than 
the  Task  1  alloys  at  approximately  equivalent  strength  level.  Alloy  15, 

'-'Alloy  also  evaluated  in  TMP  portion  of  Task  1 
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Composition  and 
Processing  Data  for 
for  Task  2  Alloys 


■o 

CD 

4->  +J 

CO  CO 

> 

cd  a> 

3C 

x:  t- 

t— 

CO 

CO 

a> 

c: 

-o 

TJ 

CD 

S- 

OI 

n3 

l_ 

X 

o 

Ll. 

1 

to 

< 

o.—  r'-CMoomoocMco^-o* 

ID  r—  LOCVJr—  CM  CT>  CO 

CMcncMcnmcoco^a-oocMcn 


ifisi-  cococMininmaicri 

OC'OCr>C\JO'iCOlO'3-Cr\'00 

npnro>a,c\jM'<}'«tojM(y) 


ooooooooooo 

ooooooooooo 

r—  >—  oooaioor^.r~»oo 

CMCMCMCMCMr-  CMCMi—  i—  i— 


oooomroooforoi^r-'.cvj 

tninancricrccno'icncMCMCO 

r-r-OOOOOOOlOl® 


to  Ll_ 
3« 
t n  • — ■ 
c 

<o  o 

L.  o 


ro  aj 
+■>  E 
a>  <d 

£Q  J— 


nj 


to 

i 

o 

c_> 


&  . 

r-  O 


o  o  o  o 
to  m  o  to 

CM  CM  CM  C\J 

I  I  I  I 

o  o  o  o 
O  O  in  O 
r-  r-  o  O 

CM  CM  CM  CM 


O  O 
to  LO 

o  cn 

CM  r— 
I  I 

o  o 
o  o 

O  CTl 
CM  f— 


o  o  — >^o 
in  in  o  o  tn 
o  o  in  in  oo 

cm  oj  n  r^*  i — 
I  I  • —  ■ —  I 

O  O  I  I  o 
o  o  o  o  o 

O  O  O  O  00 

CMMSI^r- 


lOlOOOOOOO  o 

psNin«MCMt^CMCM^-«l-i- 

r-  r—  *—  r—  O,—  >—  mmO 

r—  r—  r-  r-  » —  r-  r—  f“  CTl  Cft  i — 

. .  I  I  I  I  I 

ooonnconnNNw 

inmcMOiCTifooiOieMCMOo 

_f_r_ooooocncr>cn 


S_  L.  3  3  O  O 
:  c_>  O  o  O  Z  S 


coincM<tiv«toco 

•  •••••••I 

i—  cocvj^tcsjuo^-r^ 


i —  CVJOd^-OJ^'CVJ^- 


00 
O  OsJ 


OO—'O 


VO  LO 
— -  UO  C\J 


fOMO 


O  r— 

m^vovovo^cooococo 

. oo  ro  • 

OlOlOlOlOlOlOlOl  ' — *  * — '  OsJ 

uo  ' 


LO  <  1 


oooooooor-sCMO 


CMr-MncM»-ON(S<#(0 


<1  — • — 


ininminininmininincM 

CM  CM  CM  CM  CM  CM  CM  CM  r—  r-  i— 


ooatOi-  cMO^inoi-  cm 

f — •  r—  r—  r—  f—  CM  CM  CM 


52 


Chemical  Analysis  Results 
for  Task  2  Alloys 
(In  Weight 
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^ ^One  analysis  from  each  casting  (two  made  per  alloy). 


Chemical  Analysis  Results 

For  Task  2  Alloys  (In  Weight  %) 
(Continued) 
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Tensile  Properties  of  Task  2  Alloys 
(Continued) 


CO  (71  CO  O  Is* 

o  i".  o  o 

O  CTi  LO  LO 

co  co  r-**  co 

r—  O  Ov 

00 

oo  1  .  .  • 

• 

1 

•  •  •  • 

1  •  •  •  •  • 

1 

i  •  •  •  • 

•  •  • 

•  • 

< 

I  .  co  lo  co 

■  r— 

CM  «3"  CO 

i—  I"-  r-~.  o  O 

f—  CVJ  r— 

00  CO  CM 

o 

4* 

oc 

1  O  f- 

r— 

r—  CO 

r^. 

CO  CO 

LO 

CM  00 

LO  LO  O  CO 

CO  LT)  CO  N 

LD 

C\J 

C'-*  co  co 

"tmciocvjfo 

CM  LO  C0  LO 

CO  LO  LO 

r—  00 

• 

1  • 

1  •  •  • 

•  ••••• 

| 

•  •  •  •  • 

•  •  • 

•  • 

<T> 

o 

CVJ  CO  1^- 

O  O  <J  't 

o  o  o  o  o 

LO<ON 

CTv  «d~ 

U-l| 

j  o  o  u->  *3-  r-'- 

r—  r— 

• 

_ _ _  _ _ _  ^  ^ 

^  ^  _ _ 

- — *  «.  - — -  - — *  . - . 

- — *  - — ■ 

— .  - — .  -  - — «. 

co  *d-  co  co  — « cti 

CVJ 

lo  lo  co 

oo  co  co 

«<— «.  ^ 

-i-> 

«*— «» 

lo  <T>  r —  r-~ 

CVJ 

co  cn  cm  ^T 

•  •  •  •  CVJ  • 

« 

•  •  •  •  • 

•  •  • 

CVI  CTi 

co 

•r— 

•  l  •  •  • 

• 

•  • 

•  •  •  • 

LO  If)  LO  i—  .CM 

LO  CO  CO  LO  LO  CTv 

CTv  CM  CO 

•  • 

CO 

|-C0(0  WN 

CTi 

O  LO  CO  1 —  (T)  CO 

O  O  l—  r-  00  O 

CO  'S-  CO  O0  CM  f— 

CO  "lT 

«—  o 

• 

lo  i —  r^.  ud 

r^. 

r-~  co  cti  co 

r—  r—  r—  r—  O')  r — 

, - 

»—  r—  r—  ^  r— 

r—  •—  r— 

r^. 

c 

a> 

^ — 

• 

+■> 

( 0 

CO  r-  M  C> 

LD 

00  CTi 

1 —  LO  CT 

O  00  CO  co  00  o 

CO 

r-lrtr-^-CO 

*r-  CM  CM 

r—  CTi 

r— - 

CL. 

CM  O  CO  CM  LO 

CO  cvj 

co  <3- 

ro  cm  (7i  (O  r>s  i — 

CO 

OlftltCvCM 

LO  co  oo 

crv  ao 

s: 

<tir)  ld  in  ^ 

LO 

LO 

LO  LO  LO 

NNNNVON 

<Tv 

r-  CM  av  00  00 

CTv  (Tv  r~- 

• 

^  ^  ^  ^ 

-— ■*  - — - 

-■ — * 

- - *  - - -  - - - 

00  r— -  **— * 

LO  CTv  LO  CO  O 

OO  'T  . — - 

+J 

CO  CO  O  CO 

CTi 

00  LO  CO  CO 

•  »N  (71  O  N 

•  1  •  •  • 

•  •  f— 

O  r- 

OO 

•r— 

•  •  •  • 

• 

•  •  •  • 

LO  r-  •  •  •  • 

LO  O  O  I". 

^  r^s  • 

•  • 

</) 

1  CO  ^  N  , — 

LO 

1  I 

in  CTi  1— 

ooano  co  cm 

1 

"LT  CM  CM  CM  I — 

CM  CM  Lt 

C" 

"O 

^ 

LO  LO  LO 

r-i-NMON 

r—  i —  i —  r—  f— * 

^  f—  <T> 

LO  LO 

"ai 

•r- 

- 

- 

ww 

>- 

OCOOr-mtM 

CVI 

co  oo  rf  lo 

IflNON 

r-CM  r-Cvrv 

r—  CTv  CTv 

CO  CO 

• 

Q_ 

1  O  CVJ  CVJ  CO 

1  1 

00  Ti  <t  LO 

co  cti  10  co  co  o 

1 

O  QO  CO  CM  O 

VON<t 

CTv 

o 

s: 

LO  CO  CO  CM 

CO 

co  co  co  co 

r^.  vo  to  lo  «s-  10 

r—  OO  00  00  CO 

CO  OO  LO 

CO  CO 

«• 

x— * 

s. 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o  o 

- - 

r^ 

o 

o 

r^ 

o 

o 

r-* 

o 

o 

r-. 

o 

o 

r^. 

o  o 

u. 

00 

CM 

00 

CM 

00 

CM 

00 

CVJ 

00  CM 

•0 

f— 

r— 

Q-^_ 

M-« 

«VM» 

>— » 

— 

--  - 

E 

CJ 

b- 

+J 

■K 

to 

r^. 

o 

r- 

o 

r- 

o 

r— . 

o 

x— 

C-  O 

<u  o| 

l  ^ 

CVJ 

l r> 

CVJ 

CVJ 

LO 

CVJ 

CVJ 

in 

CVJ 

CVJ 

LO 

CVJ 

CM  LO 

t —  0  I 

LO 

VO 

LO 

LO 

^T  LO 

3 

3 

o 

o 

O 

o 

z: 

CVJ 

CVJ 

-O 

1 

1 

1 

1 

z 

O 

-O 

-O 

-O 

LO 

z 

zz 

z 

• 

to 

O 

o 

o 

o 

r^. 

f— 

f— 

r* 

>) 

1 

1 

1 

1 

1 

o 

r— 

< 

< 

< 

< 

< 

f— 

ir> 

LO 

LO 

LO 

LO 

c 

CVJ 

i 

CVJ 

1 

CVJ 

1 

CVJ 

•y 

•r* 

•r- 

•n 

•n 

h- 

h- 

I— 

h- 

>v 

O  . 

<—  o 

v—  Z 

CVJ 

co 

LO 

O 

< 

» — 

*— 

r— 

CVJ 

60 


Tensile  Properties  of  Task  2  Alloys 
(Continued) 
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with  4%  Mo*,  showed  high  strength  levels  over  the  entire  temperature 
range  tested;  however,  ductility  was  unfortunately  very  low.  This  was 
the  only  alloy  to  meet  the  strength  goals. 

Creep-rupture  testing  at  650°C/385  MPa  (1200°F/55  ksi)  demonstrated  that 
this  alloy  set  had  much  better  creep-rupture  strength  than  Task  1  alloys 
(Table  17).  Only  those  alloys  containing  copper  (12  and  13)  or  2% 
chromium  (10)  did  not  exceed  the  goal  life.  While  additions  of  tungsten 
or  4%  chromium  were  effective  in  promoting  rupture  resistance,  by  far  the 
most  potent  strengthener  was  molybdenum.  The  lives  of  the  molybdenum 
alloys  were  among  the  highest  measured  for  an  alpha-two  alloy  of  this 
type,  and  we  know  that  the  creep  rate  was  low.  In  fact,  the  capability 
of  Alloy  15  lies  between  that  of  IN901  and  IN718  (without  density 
correction).  Metallographic  and  hardness  evaluation  of  the  molybdenum 
containing  alloys  14  and  15  was  performed  to  evaluate  their  condition 
after  over  600  hours  of  exposure.  Hardness  was  found  to  be  virtually 
unchanged.  Alloys  14  and  15,  respectively,  had  post  exposure  average 
hardness  of  Hv  312  and  Hv  405,  compared  to  pretest  hardnesses  of  Hv  328 
and  Hv  412.  A  hardened  alpha  stabilized  case  0.0027  mm  (0.0005  in)  was 
detected,  but  little  or  no  secondary  cracking  occurred  away  from  the 
immediate  fracture.  These  results  are  encouraging  as  they  indicate  that 
the  molybdenum  containing  alloys  have  both  good  environmental  resistance 
and  phase  stability  at  650°C  (1200°F). 

Room  temperature  fracture  toughness  data  are  also  shown  in  Table  17. 

Most  of  the  Ti-25Al-10Nb  +  beta  stabilizer  alloys  showed  equal  or  higher 
toughness  compared  to  the  baseline.  Interestingly,  even  the  very  high 
strength  4%  molybdenum  Alloy  15  had  a  reasonable  toughness  value  of  15.1 
MPa^meter  (13.9  ksi^inch). 

Not  unexpectedly,  metallographic  examination  of  the  second  group  of 
alloys  revealed  considerably  different  structures.  The  alloys  appeared 
to  be  two  phase,  but  the  (assumed)  alpha-two  phase  precipitates  are  very 
fine  in  Alloys  20  and  21  (Figure  25a,  b).  Alloy  22  was  somewhat  similar 
but  exhibited  a  significant  amount  of  light  etching  islands  of  a  white 
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RT  Fracture  Toughness  and  650°C/385  Mpa 
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Typical  microstructures  of  forged  and  heat  treated  low  aluminum/high  niobium 
alloys,  a)  Alloy  20,  Ti-1 5A1  -1  7. 5 Ub;  b)  Alloy  21,  Ti -1 5A1 -22. 5Nb;  c)  Alloy 
22 ,  Ti -1 2A1  -20Nb-3Sn-2Mo- . 25Si . 


phase,  with  some  needle-like  features  within  the  islands  (Figure  25c) 
which  could  be  partially  transformed  beta  phase.  Tensile  strength  and 
ductility  of  the  three  alloys  were  quite  high.  Fracture  toughness  values 
ranged  from  17. 4-42. 7  MPa^meter  (16.0-38.8  ksi^inch);  obviously  the 
high  values  are  encouraging.  As  is  quite  typical  for  beta  alloys, 
creep- rupture  resistance  was  quite  low,  but  creep  ductility  was 
excellent.  The  addition  of  tin  and  silicon  did  demonstrate  an 
improvement  i  \  creep  capability  although  life  was  still  far  below  goal. 

As  stated  previously,  the  primary  aim  of  Task  2  was  to  select  the  best 
alloy  from  each  class,  convert  these  to  powder  and  then  blend  to  form  a 
composite  material.  If  the  volume  fracture,  size  and  distribution  could 
be  optimized,  it  was  considered  that  a  tough  material  could  be  produced 
without  severely  compromising  high  temperature  properties.  Two  alloys 
were  obvious  candidates.  Alloy  15  (Ti-25Al-10Nb-4Mo)  had  very  high 
tensile  and  rupture  strength  and  toughness  equivalent  to  many  lower 
strength  compositions;  the  "best"  beta  alloy  was  Alloy  21 
( Ti- 1 5A1-22 . 5Nb) ,  with  its  high  ductility  and  toughness  and  respectable 
tensile  strength. 

As  noted  in  section  3.1.3,  the  second  alloy  for  the  thermomechanical 
processing  study  was  also  ctiosen  from  this  group  due  to  the  lack  of  a 
second  promising  Task  1  candidate.  The  alloy  selected  was  also  the  Alloy 
15  composition  (Ti-25A1- 10Nb-4Mo) . 

3.2.3  Alloying  to  Produce  a  Tough  Second  Phase-Powder  Metallurgy  Approach 

3.2.3. 1  Ingot  Melting  and  Conversion 

Two  ingots  weighing  about  6  Kg  (13  lbs)  were  prepared  of  the  selected 
alloys  to  produce  sufficient  powder  for  the  study.  VAR  ingots  were 
prepared  in  essentially  the  same  manner  as  those  used  for 
thermomechanical  processing  in  Task  1.  However,  due  to  the  size 
requirements  dictated  by  the  powder-making  process,  the  ingots  were 
longer  (250  mm/10  in)  and  smaller  in  diameter  (75  mm/3  in)  (Figure  26). 
The  melting  procedure  was  modified  so  that  the  three  pairs  of  primary 
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electrodes  were  melted  in  a  50  mm  (2  in)  diameter  crucible,  welded  together 
and  remelted  in  a  75  mm  (3  in)  diameter  crucible.  The  resulting  ingots 
were  machined  to  the  required  63.5  +  0.00  -  0.076  mm  (2.5  in  +  0.00  -  0.003 
in)  diameter  (Figure  26). 

Alloy  21  (Ti- 15A1-22 . 5Nb)  presented  a  difficult  melting  problem  due  to  its 
high  niobium/low  aluminum  content.  Even  using  a  specially  melted  70Nb-30Al 
(w/o)  master  alloy,  about  one-third  of  the  niobium  required  had  to  be  added 
using  a  different  approach.  Since  previous  studies  had  demonstrated  that  a 
homogeneous  melt  could  not  be  achieved  using  elemental  Nb  additions,  a 
formulation  of  70Nb-30Ti  (w/o)  master  alloy  buttons  were  made  by 
nonconsumable  melting.  Since  this  master  alloy  was  not  brittle,  it  was 
necessary  to  mill  the  buttons  into  chips  and  small  chunks.  The  presence  of 
these  larger  pieces  was  apparent  when  subsequent  chemical  analysis  of  the 
ingots  revealed  that  the  Nb  matrix  content  was  lower  than  the  aim  as  a 
result  of  the  presence  of  areas  of  Nb-rich  segregation  (Table  18). 
Subsequent  analysis  revealed  that  there  were  a  small  number  of  niobium-rich 
areas  which  persisted  after  powder  conversion. 

Alloys  15  and  21  (Ti-25A1- 10Nb-4Mo  and  Ti- 15A1-22 . 5Nb)  were  successfully 
converted  to  powder  using  the  Plasma  Rotating  Electrode  Process  (PREP)  by 
Nuclear  Metals,  Inc.  of  Concord,  MA.  Analysis  of  the  resulting  powder 
(Table  19)  revealed  that  there  was  little  chemical  difference  between  the 
ingots  and  the  powder  for  each  alloy,  although  oxygen  content  of  Alloy  15 
was  about  0.05  w/o  higher  than  the  maximum  aim  of  0.10  w/o.  Examination  of 
the  electrode  stubs  after  PREP  processing  revealed  the  Nb  segregation  as 
one  of  the  Alloy  21  stubs;  otherwise,  there  were  no  abnormalities  (Figure 
27).  Approximately  75%  of  the  powder  yield  was  80  mesh  or  finer,  although 
virtually  none  was  less  than  -325  mesh.  Scanning  electron  microscopy  (SEM) 
examination  of  the  atomized  powder  of  Alloy  15  revealed  that  the  particles 
were  spherical  and  homogeneous  with  a  "soccer  ball"  coarse  dendritic 
surface  appearance  (Figure  28).  Optical  metal lographic  examination  of 
polished  powder  cross  sections  confirmed  the  structure  and  showed  no 
porosity  (Figure  29).  Powder  particles  of  Alloy  21  were  similar  but  many 
paired  particles  were  apparent.  Occasional  particles  showed  the  Nb-rich 
segregates  (Figures  30  and  31). 
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Table  18 


Chemical  Composition  of  Alloy  15  and  21 
Ingots  Melted  for  Powder  Production 
(In  Weight  Percent) 


Alloy 


No. 

A1 

15 

Aim 

13.7 

Actual** 

12.9 

21 

Aim 

7.4 

Actual** 

6.8 

Nb 

Mo 

0 

N 

19.0 

7.8 

0.10* 

0 . 04* 

20.0 

7.6 

0.12 

0.006 

38.0 

0.10* 

0.04* 

35.2 

- 

0.095 

0.011 

Table  19 


Chemical  Composition  of  Nuclear  Metals  Inc. 
PREP  Powders  for  Task  2 
(In  Weight  Percent) 


Alloy 

Task 

A1 

Average 

Nb 

Composition 

Mo 

0 

N 

15 

2 

Aim 

Actual 

13.7 

13.0 

19.0 

19.0 

7.8 

7.7 

0.10* 

0.15 

0.04* 

0.05 

21 

2 

Aim 

7.4 

38.0 

- 

0.10* 

0.04* 

Actual 

6.7 

35.8 

- 

0.06 

0.01 

*Maximum 

**Average  of  the  two  ingots 


:  i  . 

Ingot  stubs  remaining  after  conversion  of  Alloys  15  and  21  to  PREP  powder. 
Note  Nb-rirh  area  centered  in  lower  right  stub  of  Allov  21. 
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SKM  photos  of  Alloy  15  ( T  i  -  25A  1  -  1  ONh-iMu  >  1'RKP  powder. 


3. 2. 3. 2  Consolidation 


Subscale  consolidation  trials  were  performed  in  order  to  establish  the 
general  blending  characteristics,  microstructural  appearance  and 
reactivity  of  the  two  alloys.  Fifty  gram  (0.11  pound)  samples  were  made 
using  10  v/o  and  20  v/o  of  Alloy  21  powder  in  an  Alloy  15  matrix;  both 
powders  were  -80  mesh.  The  samples  were  blended  by  vigorous  agitation 
and  rotation  in  a  double  cone  vee  blender,  sealed  in  commercially  pure 
titanium  tubing  and  hot  isostat ically  pressed  (HIP)  at  1010°C/105  MPa 
(1850°F/15  ksi)  for  two  hours.  Compacts  were  fully  dense  and  no  porosity 
was  apparent.  The  sample  containing  10  v/o  Alloy  21  exhibited  a  uniform 
distribution  of  the  beta  alloy  with  little  clustering  (Figure  32). 
Reaction  between  the  second  phase  and  the  matrix  consumed  approximately 
25%  of  the  second  phase  as  shown  by  the  interaction  layer  around  the 
particles.  At  20  v/o,  the  beta  Alloy  21  began  to  form  clusters  or  a 
semi-continuous  network;  matrix/second  phase  interaction  was  similar  to 
the  sample  with  10  v/o  Alloy  21  (Figure  33).  Analysis  using  X-ray 
emission  spectroscopy  revealed  little  difference  in  the  composition  of 
the  normal  Alloy  21  particle  and  those  occasional  Nb-rich  phases  (Figure 
34). 

Eight  blend  and/or  processing  conditions  were  selected  for  evaluation 
( Table  20).  During  HIP,  one  container  developed  a  leak  and  was  unusable, 
thus,  material  was  available  for  only  seven  test  conditions.  Three  of 
the  HIP  consolidations  were  isothermally  forged  at  954°C  (1750°F)  with  a 
total  reduction  of  ~60%.  Post  processing  heat  treatments  are  also  listed 
in  Table  20. 

Metallographic  examination  at  low  magnification  revealed  that  a  uniform 
distribution  of  the  second  alloy  powder  was  achieved.  As-HIP  second 
phase  regions  were  equiaxed  in  appearance  and  ranged  in  size  from  100-200 
microns  in  diameter.  Upon  forging,  the  second  phase  areas  were  elongated 
in  the  forging  direction.  In  the  as-HIP  condition  and  as-forged 
condition,  the  islands  of  second  phase  alloy  exhibited  a  very  fine 
Widmanstatten  type  needle  structure  (Figures  35a  and  36a).  After 
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Alloy  15  (T1-25A1- 10nb-4Mo)  after  1010°C  (1850°F)  HIP.  The  white  background 
is  the  matrix,  the  dark  etching  areas  Alloy  21  and  the  small  round  white 
particles  are  Nb-rich  ALloy  21. 


Analysis  of  composition  of  phases  in  a  10%  Alloy  21/90 %  Alloy  15 
consolidation,  a)  nominal  matrix  composition,  Ti-25A1- 10Nb-4Mo ;  b)  nominal 
second  phase  Alloy  21,  Ti-15Al-22. 5Nb;  c)  Nb-rich  region  of  Alloy  21.  Note 
high  Nb  and  Ti  peaks  from  70Nb-30Ti  w/o  master  alloy. 


Table  20 


Processing  Conditions  for  Task  2,  Part  2  Alloys 


Sample 

Identity 

Second 

Amount 

Phase 

Particle  Size 

Processing  Conditions 

A 

5  v/o 

-35  +80  mesh 
( -200  Mm) 

HIP:  1010°C  ( 1850°F )/ 105  MPa  (15 

2  hours 

STA:  954°C  ( 1 750°F)/ 1/AC  +  815°C 
( 1500°F)/ 4/AC 

ksi )/ 

B 

20  v/o 

-35  +80  mesh 
( =200  pm) 

Same  as  'A' 

C 

5  v/o 

-140  +230  mesh 
(  =  100  pm) 

Same  as  'A' 

D 

20  v/o 

-140  +230  mesh 

(=100  pm) 

Same  as  'A' 

E 

20  v/o 

-35  +80  mesh 
(=200  pm) 

HIP:  1010°C  (1850°F)/105  MPa  (15 

2  hours 

Forge:  =60%  @  954°C  (1750°F) 

STA:  954  °C  (1750°F)/l/AC  +  815°C 
( 1500°F )/4/AC 

ksi )/ 

F 

5  v/ o 

-140  +230  mesh 
(=100  pm) 

Same  as  'E' 

G 

20  v/o 

-140  +230  mesh 
(=100  pm) 

Same  as  ' E ' 

^ ' ^Material  with 
could  not  be  r 

5  v/o  -35  +80  mesh 
eplaced . 

alloy  for  forging  leaked  during  HIP 

and 
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Table  21 


Hardness  (Hv)  of  Task  2 
Alloy  Blends 


Matrix:  Ti-25A1- 10Nb-4Mo 
2nd  Phase:  Ti-7 . 5A1- 38Nb 


Condition 

Matrix 

2nd  Phase 

As-HIP 

380 

300 

HIP  +  STA 

440 

325 

HIP  +  Forge 

430 

350 

HIP  +  Forge  +  STA 

420 

320 
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solution  treating  and  aging,  the  appearance  of  a  coarse  needle-like 
structure  in  interfacial  regions  was  observed  (Figures  35b,  c  and  36b). 
Microhardness  testing  revealed  that  the  second  phase  was  80-120  points 
softer  (Hv)  than  the  matrix  as,  shown  in  Table  21. 

Microprobe  line  scan  analysis  confirmed  that  interdiffusion  between  the 
second  phase  and  the  matrix  extended  to  a  depth  of  about  50-60  microns 
and  resulted  in  the  needle- like  regions  around  the  periphery  of  the 
second  phase  regions  (Figure  37).  Internal  areas  of  the  second  phase 
displayed  nominal  composition  of  Alloy  21. 

3. 2. 3. 3  Mechanical  Properties  of  Consolidations 

Tensile,  fracture  toughness  and  stress-rupture  property  data  are 
summarized  in  Table  22.  Baseline  properties  for  Alloy  15  were  either 
measured  or  estimated  from  Task  1  data.  It  can  be  seen  that  tensile 
strength  of  the  blended  alloys  was  34-70  MPa  (5-10  ksi)  lower  than  alloy 
15  but  exhibited  at  least  equivalent  and  generally  higher  ductility  over 
the  temperature  range  tested.  Fracture  toughness  levels  were  increased 
in  most  cases  by  at  least  100%  in  the  alloy  blends  with  the  second  phase 
addition.  Powder  size  did  not  appear  to  have  a  major  effect,  but  the 
addition  of  20  v/o  second  phase  clearly  produced  a  large  increase  in 
toughness.  Visual  examination  of  the  tested  toughness  specimens  revealed 
that  fracture  surface  roughness  increased  as  toughness  increased  (Figure 
38).  Forged  specimens  exhibited  elongated,  ridge-like  fracture  surfaces 
that  correlated  with  the  deformed  grain  structure.  Scanning  electron 
microscopy  of  selected  specimens  confirmed  visual  results  and  further 
revealed  the  crack  deflection  and  branching  caused  by  the  second  phase 
additions  (Figure  39),  On  the  other  hand,  stress-rupture  capability  was 
clearly  compromised  by  the  second  phase  additions.  Although  Alloy  21 
exhibited  very  low  rupture  life  during  screening  trials,  the  magnitude  of 
the  reduction  in  the  phase  mixtures  is  surprising. 
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Figure  37 

Electron  microprobe  analysis  or  as-forged  Alloy  15  matrix  and  Alloy  21  powder 
blend.  Note  gradual  reduction  in  of  A1  and  Mo  levels  on  line  scan  2. 
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3.3  Task  III  -  Dispersion  Containing  Alloys 


3.3.1  Alloy  Development  and  Processing  -  Rapid  Solidification 

The  objective  of  this  task  was  to  create  titanium  aluminide  alloys  with 
dispersions  of  rare  earth  oxides  to  evaluate  any  potential  for  particle 
ductilizing  and/or  deoxidation  of  the  matrix.  Such  dispersions  have  been 
produced  by  RSR  methods  in  these  and  other  titanium  alloys  by  the 
additions  of  rare  earth  or  lanthanide  m6tals  which  scavenge  the  oxygen  in 
the  system^  Some  workers  have  used  direct  addition  of  oxides  to 

study  the  dispersion  effect^K  Alloys  3,  4  and  5  from  Task  1  were 
selected  for  the  study  to  permit  a  direct  comparison  of  the  behavior  of 
the  elements  La,  Ce  and  Er  in  both  the  conventionally  cast  and  rapidly 
solidified  conditions.  The  alloy  Ti-25A1- 10Nb-4V  was  selected  as  the 
baseline  as  a  good  data  base  existed  for  the  alloy.  Material  from  all 
the  modified  alloys  was  rapidly  solidified  using  splat  quenching.  The 
apparatus  used  was  developed  by  United  Technologies  Research  Center,  and 
is  capable  of  processing  0.2  to  0.4  gram  of  an  alloy.  The  cooling  rate 
for  the  splats  increases  as  the  splat  thickness  decreases  and  can  be 
varied  from  10,000  C/s  to  1,000,000  C/s.  The  melting  operation  is 
carried  out  under  high  vacuum  resulting  in  minimal  contamination.  The 
size  and  shape  of  the  product  is  compatible  with  simple  bend  testing. 

3. 3..  2  Results  and  Discussion 

Two  splats  were  produced  from  the  baseline  alloy  and  Alloys  3,  4  and  5 
(La,  Er  and  Ce  containing,  respectively)  and  are  illustrated  in  Figure 
40.  The  base  composition  was  quite  ductile  and  could  be  bent  180°  over  a 
small  radius  without  cracking  (Figure  40a);  the  other  alloys  not  only 
cracked  in  the  as-splatted  condition  but  had  to  be  handled  very  carefully 
to  avoid  further  cracking  (Figure  40b,  c  and  d).  Sections  of  each  alloy 
splat  were  subjected  to  a  simulated  consolidation  cycle  by  vacuum 
annealing  at  1000°C  (1832°F)  and  1250°C  (2282°F)  for  one  hour.  During 
the  heat  treatment,  the  splats  were  sealed  in  CP  titanium  foil  to  prevent 
oxygen  contamination  of  the  surface.  Additionally,  the  wrapped  packets 
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i  l  :  un  aluminide  allo^  rapidly  cooled  spi 
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were  immersed  in  a  titanium  container  filled  with  titanium  sponge.  After 
heating  to  1000°C  (1832°F),  all  alloys  were  ductile  and  could  be  bent 
through  angles  greater  than  90°  without  failure.  The  alloys  were  less 
ductile  after  the  1200°C  (2282°F)  treatment  but  still  showed  some  plastic 
behavior . 

Evaluation  of  the  baseline  samples  using  transmission  electron  microscopy 
(TEM)  revealed  the  presence  of  a  single  phase  alloy  with  an  average  grain 
diameter  of  8  pm  (Figure  41).  Microdiffraction  showed  that  the  crystal 
structure  was  BCC  ordered  (B2  type)  with  a  lattice  parameter  a  =  3.15A. 
After  a  1000°C  (1832°F)  anneal,  the  alloy  was  found  to  have  equiaxed 
grains  10-18  pm  in  diameter  surrounded  by  a  Widmanstatten  structure 
(Figure  42).  The  B2  structure  had  transformed  almost  completely  into  an 
ordered  hep  alpha-two  phase  with  lattice  parameters  a=5.76A  and  c=4.58A. 

Splats  of  alloys  with  La  or  rare  earth  additions  exhibited  an  equiaxed 
grain  structure  2-3  pm  in  diameter  and  dispersoids  ranging  in  size  from 
0.01  pm  to  0.06  pm  (Figure  43).  Microdiffraction  revealed  that  the 
particles  contained  the  expected  rare  earths,  but  only  the  erbium-rich 
particles  could  be  directly  confirmed  as  oxides,  Er^O^  (a  =  10. 3A).  The 
matrix  in  all  cases  was  an  ordered  BCC  phase  with  a  lattice  parameter  of 
a  =  3.15A  and  a  very  fine  anti-phase  domain  structure,  as  found  in  the 
baseline  alloy.  Specimens  annealed  below  the  beta  transus 
(  1000°C/ 1832°F)  showed  little  grain  growth,  but  the  size  of  the 
dispersoids  increased  substantially.  The  size  ranges  were  as  follows: 

La:  0.3 -1.2  pm 

Er:  0.2 -1.0  pm 

Ce:  0.4 -1.5  pm 

A  typical  structure  is  shown  in  Figure  44  which  again  consists  of 
alpha-two  and  transformed  beta  regions.  Not  surprisingly,  annealing  the 
splats  above  the  beta  transus  at  1250°C  (2282°F)  caused  the  grain  size  to 
increase  over  tenfold  to  50-60  pm  and  resulted  in  the  formation  of  a 
coarse  Widmanstatten  structure  on  cooling.  The  dispersoids  also 
coarsened  to  larger  size,  especially  the  La  and  Ce  oxides.  Size  ranges 
values  were  now: 
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Transmission  electron  microscope  photos  of  thin  foil  titanium  aluminid 
in  the  as-splat  condition.  a)  Alloy  3,  Ti -25A1 - 10Nb-4V- . SLa;  b)  Alloy 
Ti-25Al-10Nb-4V-.5Er;  c)  Alloy  5,  Ti -25A1  -  10Nb-4V- .  3C.e . 


La:  1.0- 3.0  pm 
Er:  0.4- 1.0  pm 
Ce:  3. 0-6.0  pm 

Note  that  the  erbia  particles  grew  less  than  the  others  and  maintained  a 
spherical  shape,  while  many  of  the  lanthanum  and  ceria  particles  became 
rod-like  (Figure  45).  Again,  the  matrices  are  in  all  cases  a  transformed 
beta  structure. 

Based  on  the  bend  results  and  other  information  generated  by  other 
workers  on  RSR  rare  earth  oxide  effects,  it  was  clear  that  there  was 
little  benefit  of  fine  dispersion  on  ductility  or  toughness.  Therefore, 
at  this  stage  of  Task  3,  the  situation  was  critically  analyzed.  To 
improve  toughness,  the  rare  earth  additions  have  to  scavenge  the  oxygen, 
resulting  in  low  remaining  amounts  of  oxygen  in  the  matrix.  The  general 
brittleness  of  the  material  with  very  fine  oxide  dispersions  indicated 
that  any  beneficial  effect  must  occur  at  intermediate  particle  sizes. 
Since  previous  experience  with  ingot  additions  of  these  elements  in  Task 
1  showed  that  rather  coarse  dispersoids  could  be  damaging  at  high 
temperatures,  it  was  decided  to  direct  the  remaining  effort  in  this  task 
to  establishing  in  a  systematic  way,  whether  the  deoxidation  process  can 
effectively  increase  toughness.  The  experimental  evidence  pointed  to  a 
rather  narrow  window  for  such  an  approach. 

Erbium  was  selected  as  the  rare  earth  addition  because  it  appeared  to  be 
more  thermally  stable  and  result  in  an  alloy  with  better  mechanical 
properties  than  the  La  to  Ce  as  reported  in  section  3.1.2.  The  erbium 
level  added  was  calculated  to  reduce  oxygen  in  the  matrix  to  <0.05%  and 
not  leave  'free'  erbium  in  the  lattice.  The  Ti-25Al-10Nb-3V-lMo  alloy 
was  selected  as  the  base  alloy  since  a  fairly  extensive  data  base  is 
available.  The  PREP  process  was  selected  to  produce  the  powder  as  it  was 
considered  the  slower  rate  of  cooling  would  produce  intermediate  size 
oxide  particles  directly  and  thus  avoid  some  of  the  problems  with  very 
fine  precipitates.  It  was  decided  to  examine  six  potential  process 
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cycles  to  define  the  variations  in  oxide  dispersions  that  could  be 
produced.  Based  on  this  screening,  sufficient  material  was  processed  to 
permit  determination  of  the  tensile,  creep  and  toughness  properties. 

3.3.3  Evaluation  of  Alloy  Deoxidation 

Two  VAR  ingots  of  the  Ti-25Al-10Nb-3V-lMo- . 3Er  alloy  were  melted, 
processed  and  machined  prior  to  powder  conversion,  as  previously 
described  in  section  3.2.3. 1.  The  ingots  were  successfully  converted  to 
powder  using  the  PREP  technique.  Chemical  composition  of  the  powder  is 
given  in  Table  23.  Examination  of  the  remaining  ingot  stubs  showed  no 
segregation  or  other  abnormalities  (Figure  46).  The  powder  was  examined 
using  the  scanning  electron  microscope.  Unmounted  powder  particles 
showed  the  characteristic  dendritic  appearance  and  exhibited  a  relatively 
uniform  particle  size  (Figure  47).  SEM  examination  of  the  polished  cross 
section  of  typical  -80  mesh  particles  revealed  the  presence  of  erbia 
particles  varying  in  size  from  0.2  pm  to  1  pm  concentrated  in  the 
dendrite  boundaries  (Figure  48).  Sizes  were  significantly  larger  than 
those  measured  in  splats  but  finer  than  the  dispersoid  size  in  the  erbium 
containing  ingot  metallurgy  product.  HIP  consolidation  trials  were 
conducted  using  the  powder  sealed  in  commercially  pure  titanium  alloy 
containers  as  previously  described.  Three  temperatures  were  evaluated. 
Samples  were  held  at  900°C  (1650°F),  1010°C  (1850°F)  and  1120°C  (2050°F) 
for  two  hours  at  a  pressure  of  105  MPa  (15  ksi)  and  subsequently  examined 
metallographically . 

After  HIP  at  900°C  (1650°C)  prior  particle  boundaries  were  quite  distinct 
and  the  presence  of  unhealed  porosity  waV  apparent  (Figure  49a).  After 
1010°C  (1850°F)  prior  particle  boundaries  were  less  distinct  and  no 
porosity  was  detectable  (Figure  49b).  At  1120°C  (2050°F)  the  structure 
exhibited  a  fine  grained  Widmanstatten  appearance,  typical  of  material 
annealed  above  the  beta  transus.  No  porosity  was  apparent  (Figure  49c). 
Using  SEM  it  was  found  that  dispersoids  showed  no  significant  change  in 
size  for  the  three  HIP  temperatures  (Figures  50-52)  and,  in  fact,  were 


96 


FR-19139-4 


Alloy 

148-86 


^Maximum 


Table  23 


Chemical  Composition  of  Nuclear  Metals  Inc. 
PREP  Powders  for  Task  3 
(In  Weight  Percent) 


Average  Composition 


Task 

A1 

Nb 

V 

Mo 

Er 

0 

3 

Aim 

14.0 

19.0 

3.2 

2.0 

1.0 

0.10* 

Actual 

12.8 

18.9 

3.3 

2.06 

0.77 

0.08 

N 

0.04* 

0.008 
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Figure  46 

>s  of  Ti-25A1- lONb- 3V- IMo- . 3Er  alloy  a^ter  PREP  processing. 
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Microstructure  of  Ti-25A1-  10Nb-3V- IMo- .  3F.r  PRF.l’  pow<i<> 
White  flecks  are  erbia  particles.  Center,  small  pa:i 
particle . 


ect  of  HIP  temperature  on  the  m 
900°C  ( 1650°F ) ;  b)  I0I0°C  (1850 
d  at  105  MPa  (15  ksi)  for  2  hou 
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ic.rostriK  tures  of  Ti-25Al-iONb-3V-l  Mo- .  3Kr  after  lPH)cC  <10f:O 
hour  HIP.  Note  fine  crbin  dispersoids  (white)  in  the  /.rains 
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unchanged  from  the  atomized  powder  of  0.2p  to  lq  .  This  indicates  that  the 
erbia  dispersoids  are  stable  to  quite  high  temperatures.  Based  on  these 
observations,  HIP  at  1010°C  (1850°F)  and  1120°C  (2050°F)  were  selected  as 
consolidation  temperatures  for  mechanical  property  testing. 

The  consolidations  were  prepared  in  a  similar  manner  to  those  used  in  the 
Task  2  phase  blending  evaluation.  Powder  was  introduced  into 
commercially  pure  titanium  pipe  cans  which  were  evacuated,  sealed  and 
HIP.  Selected  containers  were  isothermally  side  upset  -60%  using  the  P&W 
A. 5  MN  (500  ton)  press.  The  specific  processing  conditions  are  listed  in 
Table  24.  An  example  of  the  consolidations  are  shown  in  Figure  53. 

Material  HIP  at  1010°C  (1850°F)  was  fully  dense  although  prior  particle 
boundaries  were  still  visible  at  low  magnification  (Figure  54).  Average 
hardness  was  291  Hv.  Solution  treating  and  aging  increased  the  hardness 
to  360  Hv.  The  microstructure  did  not  change  significantly  except  a 
needle-like  transformed  phase  was  now  visible  in  the  alpha-two  (white) 
regions;  no  change  in  dispersoid  size  was  observed  (Figure  55).  The 
material  showed  an  uneven  etching  behavior  indicative  of  some  chemical 
variation,  but  EDAX  analysis  could  detect  no  significant  difference  in 
composition.  Material  HIP  at  1120°C  (2050°F)  exhibited  a  coarsened 
transformed  colony  type  alpha-two  phase  structure  with  grain  boundary 
alpha-two  present.  Dispersoid  size  was  in  the  0.1-1  pm  range  as  before 
(Figure  56)  and  hardness  was  275  Hv.  Solution  treating  and  aging 
increased  the  hardness  to  360  Hv.  Grain  size  and  dispersoid  size  were 
unchanged  but  a  Widmanstatten  structure  was  formed  due  to  the  faster 
cooling  rate  (Figure  57).  Some  material  HIP  at  1010°C  (1850°F)  was 
isothermally  side  upset  about  60%  at  927°C  (1750°F)  and  other  material 
HIP  at  1 120°C  ( 2050°F)  was  forged  =60%  at  1120°C  (2050°F).  Forging  at 
the  lower  temperature  resulted  in  a  microstructure  and  hardness  very 
similar  to  that  of  as-HIP  material  (Figure  58),  while  the  beta  HIP  + 
forged  material  had  a  fine  Widmanstatten  needle-like  appearance  due  to 
relatively  rapid  cooling  from  the  press  (Figure  59).  Solution  treating 
and  aging  of  the  forgings  resulted  in  microstructures  virtually  identical 
to  the  HIP  counterparts ,  with  hardnesses  in  the  300-330  Hv  range  (Figures 
60  and  61). 
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Table  24 


Processing  Conditions  for  Task  3 
Alloy  Ti-25Al-10Nb-3V-lMo-.3Er 


a-p  HIP  @  1010°C  ( 1850°F)/ 105  MPa  (15  Ksi)/2  Hours; 

3  HIP  @  1 120°C  ( 2050°F)/ 105  MPa  (15  Ksi)/2  Hours; 

a-p  HIP  +  STA  1010°C  (1850°F)/l/AC  +  815°C  ( 1500°F)/8/AC; 

a-3  HIP  +  Forge  927°C  (1750°F)  +  STA  as  above; 

3  HIP  +  STA  1010°C  ( 1850°F)/ 1/AC  +  815°C  ( 1500°F)/8/AC; 

3  HIP  +  Forge  1120°C  (2050°F)  +  STA  as  above 


Typical  microstructure  of  Ti -25A1 - lONb- 3V- IMo-O . 3Er  powder  HIP'ed  at  1010 
( 1 850°F )/ 105  MPa  (15  ksi)/2  hours. 


Typical  microstructure  of  Ti-25Al-10Nb-3V-lMo-0.3Er  powder  HIP'ed  at  1010°C 
( 1850°F)/ 105  MPa  (15  ksi)  followed  by  solution  treated  and  aging  at  1010°C 
(1850°F)/1  hour/AC  +  815°C  (1500^/8  hours/AC. 


Typical  microstructure  of  T1-25A1 - 10Nb-3V- IMo-O . 3Er  powder  HIP’ed  at  1120 
( 2050°F)/ 105  MPa  (15  ksi)  for  2  hours. 


Typical  microstructure  of  Ti-25Al-10Nb-3V-lMo-0. 3Er  powder  HIP’ed  at  1120°C 
(2050°F)/105  MPa  (15  ksi)  and  solution  treated  and  aged  at  1010°C  (1850°F)/ 
hour/AC  +  815°C  (1500°F)/8  hours/AC. 


Typical  microstructure  of  Ti-25Al-10Nb-3V-lMo-0. jFr  powder  HIP’ed  at  1010°C 
(1850°F)/105  MPa  (15  ksi)/2  hours  and  isothermally  forged  at  927°C  (1750°F) 
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Typical  raicrostructure  of  Ti-25Al-10Nb~3V-lMo-0.3Er  powder  HIP'ed  at  1120°C 
(2050°F)/105  MPa  (15  ksi)/2  hours  and  isothermally  forged  at  1120°C  (2050°F). 


Typical  microstructure  of  Ti-25Al-10Nb-3V-lMo-0. 3Er  powder  HIP'ed  at  ]010°C, 
forged  at  927°C  (1750°F)  and  solution  treated  and  aged  at  1010°C  (1850°F)/1 
hour/AC  +  815°C  (1500°F)/8  hours/AC. 


Typical  microstructure  of  Ti-25Al-10Nb-3V-lMo-0. 3Er  powder  HIP'ed  at  1120°C 
(2050°F),  forged  at  1120°C  (2050°F)  and  solution  treated  and  aged  at  1010°C 
(1850°F)/1  hour/AC  +  815°C  (l500°F)/8  hours/AC. 


Mechanical  property  evaluation  consisted  of  tensile  tests  from  ambient  to 
650°C  (1200°F),  RT  fracture  toughness  tests  and  stress-rupture  testing  at 
650°C  (1200°F)/385  MPa  (55  ksi).  The  property  data  are  summarized  in 
Tables  25  and  26.  We  can  conclude  that  the  best  strength  and  toughness 
resulted  from  beta  forging  and  solution  treating;  however,  none  of  the 
processes  yielded  properties  equivalent  to  wrought  baseline  alloy.  It 
was  noted  that  the  dispersion  containing  alloy  tended  to  strain  harden 
more  than  the  unmodified  alloy  because,  at  elevated  temperatures,  the  gap 
between  yield  and  ultimate  strength  was  large,  but  did  not  result  in  a 
corresponding  increase  in  ductility.  Creep-rupture  lives  were  very  poor, 
similar  to  those  measured  for  forged  ingot  metallurgy  specimens 
containing  very  large  oxides. 

Based  on  these  data,  it  is  apparent  that  the  presence  of  rare  earth 
oxides  offered  little  contribution  to  either  improved  tensile  or 
toughness  properties  in  the  alpha-two  alloy  system  under  the  conditions 
evaluated.  Further  pursuit  of  dispersoid  strengthening  or  deoxidation 
appeared  to  be  unwarranted  by  the  results  obtained.  Accordingly,  it  was 
decided  not  to  incorporate  dispersion-forming  elements  in  Task  4  alloys. 

3.4  Task  4  -  Combination  Alloys 

3.4.1  Alloy/Process  Selection 

After  completion  of  the  first  three  tasks  of  Phase  1,  a  total  of  eight 
conditions,  combining  the  best  alloys  and/or  processes  developed  in  these 
tasks,  were  selected  for  further  study.  Based  on  a  critical  review  of 
the  data,  it  was  decided  to  examine  two  ingot  metallurgy  alloy  conditions 
and  six  phase  blended  conditions  (Table  27).  The  ingot  metallurgy  alloys 
were  modifications  of  the  Ti-24. 5Al-17Nb  (Alloy  19)  alloy  from  Task  1. 
This  alloy  exhibited  excellent  tensile  properties  and  toughness  but 
marginal  creep-rupture  capability.  Thus,  the  two  modifications  were  made 
that  were  intended  to  increase  high  temperature  properties  without 
degrading  the  ductility  and  toughness.  The  two  alloys  had  the 
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Tensile  Properties  and  RT  Fracture 
Toughness  of  Task  3  Dispersion 
Containing  Ti-25Al-10Nb-3V- IMo- . 3Er  Alloy 
(Continued) 
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Table  26 


Stress-Rupture  Properties  of  Task  3  Dispersion 
Containing  Ti-25A1- 10Nb-3V- IMo- . 3Er  Alloy* 

(1200°F/ 

650°C/380  MPa  55  Ksi) 


Consolidation  Method 

Heat  Treatment 

Rupt.  Life,  Hrs 

%EL 

%RA 

HIP  1010°C/105  MPa/2  Hours 
( 1850°F/15  Ksi/2  Hours) 

None 

0.3 

2.1 

3.3 

HIP  1120°C/ 105  MPa/2  Hours 
(2050°F/15  Ksi/2  Hours) 

None 

Rupt.  on  Loading 

1.2 

0 

HIP  1 120°C/ 105  MPa/2  Hours 

1010°C  (1850°F)/1  Hour/AC 

Rupt.  on  Loading  0.4 

0 

(2050°F/15  Ksi/2  Hours) 

HIP  1010°C/ 105  MPa/2  Hours  1010°X  (1850°F/1  Hour/AC  0.2  0.9  0 

(1850°F/15  Ksi/2  Hours  +  815°C  (1500°F)/8  Hours/AC 

+  Forge  954°C  (1750°F) 

HIP  1 120°C/ 105  MPa/2  Hours  i010°C  (1850°F/1  Hour/AC  1.3  1.3  1.1 

(2050°F/15  Ksi/2  Hours)  +  815°C  (1500°F)/8  Hours/AC 

+  Forge  1 120°C  (2050°F) 

Beta  Forged  Wrought  815°C  (1500°F)/l/2  Hour/AC  54.0  -  NA 

Baseline  (No  Er)  +  593°C  (1100°F)/8  Hours/AC 


'-•Only  specimens  available 
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Table  27 


1) 

2) 

3) 

4) 

5) 

6) 

7) 

8) 


Improved  Toughness  Titanium  Aluminide 
Task  4:  Process  Conditions 


Ti-25Al-18Nb  Ingot  3  Forge  +  Salt  Quench 

off  the  Press  to  815°C 
(1500°F) 

Ti-25Al-17Nb-lMo  Ingot 

Ti-25Al-17Nb-lMo  Powder 

Ti-25Al-17Nb-lMo 
+  10%  Ti-25Al-10Nb-4Mo  Powder 

Ti-25Al-17Nb-lMo 
+  20%  Ti-25Al-10Nb-4Mo  Powder 

Ti-25Al-10Nb-4Mo  +  5% 

Ti-6242  Powder 

Ti-25Al-10Nb-4Mo  +  10% 

Ti-6242  Powder 

Ti-25Al-10Nb-4Mo  +  20%  mj 

Ti-6242  Powder  I 
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compositions  Ti-25Al-18Nb  (Alloy  23)  and  Ti-25Al-17Nb-lMo  (Alloy  24).  It 
was  hoped  that  the  slightly  higher  aluminum  contents,  combined  with 
increased  niobium  or  molybdenum  would  give  the  necessary  property  boost. 
The  aim  of  the  phase  blending  in  this  task  was  to  exploit  the  increased 
toughness  potential  but  also  to  improve  on  the  extremely  poor  creep 
rupture  behavior  found  in  blended  material  in  Task  2.  Although  this 
appears  to  be  a  simple  goal,  it  became  clear,  based  on  this  work  and  that 
in  another  contract^ that  phase  blending  was  (and  remains)  a  most 
complex  area  with  a  large  number  of  variables  that  play  a  role  in  overall 
property  balance.  Rather  than  just  "fine  tuning"  the  Task  2  approach,  it 
was  decided  to  strike  out  in  different  directions  in  order  to  evaluate  a 
broader  range  of  phase  blended  systems.  The  first  approach  was  to  pick 
the  same  Task  2  Ti-25A1- 10Nb-4Mo  (Alloy  15)  as  a  matrix,  but  to  add  the 
commercial  Ti-6Al-2Sn-4Zr-2Mo- . ISi  (w/o)  alloy  as  the  second  phase. 
Ti-6242  has  a  higher  creep  rupture  capability  than  the  Ti~15Al-22.5Nb 
(Alloy  21)  used  as  a  second  phase  in  Task  2  and  is  at  least  as  tough. 
Amounts  added  were  5  v/o,  10  v/o  and  20  v/o.  In  the  second  approach,  it 
was  decided  to  reverse  course  and  use  a  tough  and  ductile  alloy  as  the 
matrix  while  adding  the  high  creep  resistant  alloy  as  the  second  phase. 
Alloy  15  (Ti-25A1- 10Nb-4Mo)  was  selected.  Amounts  added  were  10  v/o  and 
20  v/o.  The  processing  sequence  selected  was  based  on  the  results  of 
Tasks  1-3.  Isothermal  forging  and  quenching  to  an  intermediate 
temperature  and  holding  at  that  temperature  to  permit  transformation 
resulted  in  the  best  balance  of  properties.  This  processing  method  was 
used  for  all  alloys  and  blends  in  Task  4. 

3.4.2  Alloy  Composition  and  Processing 

Material  preparation  was  conducted  using  techniques  developed  in  Tasks 
1-3.  Alloy  ingots  weighing  approximately  5.5  Kg  (12  pounds)  were 
prepared  by  blending  titanium  sponge  and  master  alloy.  The  compacts  were 
double  consumably  arc  melted  as  previously  described  and  were  machined  to 
the  size  required  for  PREP  atomization  at  Nuclear  Metals  Inc.,  Concord, 
MA.  The  Ti-6242  alloy  was  atomized  from  available  barstock.  Analyzed 
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and  aim  compositions  are  shown  in  Table  28.  PREP  parameters  were 
adjusted  during  atomization  to  yield  a  greater  volume  fraction  of  coarse 
particles  for  the  Ti-6242  and  Alloy  15  ingots.  The  -35+180  mesh  fraction 
was  used  for  the  ductile  second  phase  additions.  The  atomized  powder  was 
blended  and  sealed  in  CP  titanium  pipe  cans  and  hot  isostatically  pressed 
(HIP)  at  1093°C/105  MPa  (2000°F/15  ksi)  for  three  hours.  An  ingot  of 
Alloy  24  powder  was  consolidated  to  serve  as  baseline  for  the  Alloy  24/ 
Alloy  15  blend.  Alloy  15  baseline  information  was  generated  in  Task  2. 
SEM  examination  of  the  powder  showed  it  to  be  spherical  and  exhibit  the 
typical  "soccer  ball"  appearance  with  coarse  dendrites  visible. 
Metallographic  examination  of  powder  cross  sections  revealed  that  the 
alpha-two  powders  were  equiaxed  and  consisted  of  a  single  phase  ordered 
beta  (B2)  structure  while  the  Ti-6242  powder  was  a  fully  transformed 
martensitic  alpha  prime  hexagonal  structure  (Figure  62). 

The  six  blended  consolidations  listed  in  Table  27  were  HIP  at  Howmet 
Thermatech  HIP  Division  in  Whitehall,  MI.  The  two  ingots  were  HIP  by 
Pratt  &  Whitney.  HIP  conditions  were  1093°C  (2000°F)  at  105  MPa  (15  ksi) 
for  2  hours.  All  pieces  were  isothermally  forged  at  Wyman-Gordon  Co., 
Millbury,  MA  at  1176°C  (2150°F)  and  quenched  into  an  815°C  (1500°F)  salt 
bath.  Forgings  were  crack-free  and  showed  excellent  deformation  and  flow 
characteristics . 

3.4.3  Results  and  Discussion 

Microstructural  examination  of  the  Alloy  15  matrix/Ti-6242  HIP 
consolidated  blends  revealed  that  particle  distribution  was  uniform,  but 
a  substantial  reaction  between  the  two  alloys  had  occurred  (Figure  63). 
Some  of  the  Ti-6242  areas  exhibited  a  coarse  blocky  transformed  structure 
while  other  locations  exhibited  fine  structure  (Figure  64). 

Microhardness  testing  revealed  that  the  matrix  hardness  was  Hv  531;  the 
dark  reaction  zone  was  Hv  454  and  the  particle  centers  were  Hv  480  and 
454  for  the  fine  and  blocky  areas,  respectively.  The  matrix  hardness 
level  is  comparable  to  that  measured  in  the  TMP  study  for  ingot 
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Table  28 


Improved  Toughness  Titanium  Aluminide 
Task  4:  Combination  Alloy  Chemical  Composition 

Compositions  (w/o) 

Alloy  _ Ingot* _  _ Powder 


Number 

A1 

Nb 

Mo 

0 

N 

A1 

Nb 

Mo 

0 

N 

15 

Aim 

13.7 

19.0 

7.8 

0.10** 

0.02** 

13.7 

19.0 

7.8 

0.10** 

0.02** 

Actual 

14.4 

18.0 

7.2 

0.045 

0.006 

14.0 

18.6 

7.5 

0.055 

0.010 

23 

Aim 

13.3 

32.9 

- 

0.10** 

0.02** 

Actual 

13.4 

30.5 

0.05 

0.008 

No  powder  made 

for 

this  alloy 

24 

Aim 

13.3 

31.0 

1.9 

0.10** 

0.02** 

Actual 

12.8 

28.6 

1.8 

0.07 

0.008 

No  powder  made 

:  for 

this  ingot 

24 

Aim 

13.3 

31.0 

1.9 

0.10** 

0 . 02** 

13.3 

31.0 

1.9 

0.10** 

0.02** 

Actual 

14.1 

29.4 

1.8 

0.05 

0.006 

13.1 

30.7 

1.88 

0.15 

0.002 

Ti-6242 

- 

_ 

- 

- 

_ 

Al: 

5.90 

0: 

0.050 

Sn:  1.80  N:  <0.001 

Zr:  2.8 
Mo:  2.01 


-'Ingot  average  of  six  locations 
'-’'-'Max  imum 
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Microst. ructurc?  of  the  Alloy  n  mar 
( 2000UF  > / 1 0 5  MPa  (15  ks i  ) / 2  hours. 
1520  v/o  T i -6242 . 


200um 


Figu_re_64 

Microstructure  of  the  Ti-6242  particles  in  HIP  consolidated  Alloy  15  matrix 
showing  both  'blocky'  and  fine  Ti-6242  microstructures. 
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metallurgy  Alloy  15.  The  high  hardness  of  the  Ti-6242  phase  was 
attributed  to  the  extensive  reaction.  In  contrast,  the  Alloy  15 
(T1-25A1- 10Nb-4Mo)  second  phase  particles  in  the  Alloy  24  matrix  showed 
less  reactivity,  more  comparable  to  that  seen  in  section  3. 2. 3. 2  (Figures 
65  and  66).  In  this  system,  the  HIP  consolidation  had  a  hardness  of  Hv 
348,  436  and  500  for  the  matrix,  reaction  zone  and  second  phase  core, 
respectively. 

After  forging  and  salt  quenching,  microstructural  examination  revealed 
that  continued  reaction  had  occurred  between  the  two  phases  in  both  alloy 
systems.  In  particular,  it  was  observed  that  the  Ti-6242  particles  were 
almost  fully  dissolved  in  the  Alloy  15  (Figure  67).  The  two  alpha-two 
compositions  also  underwent  more  extensive  reaction  (Figure  68)  than  was 
observed  on  the  Task  2  blend  experiments  (note  that  forging  temperatures 
below  the  beta  transus  were  used  in  Task  2).  Mechanical  property  data  of 
the  phase  blended  systems  are  summarized  in  Table  29.  All  six  blends  had 
virtually  no  ductilitv,  even  at  high  temperature.  The  Alloy  24  baseline 
powder  consolidation  did  exhibit  some  yield  strength  and  ductility  at 
427°C  (800°F)  and  higher.  The  higher  than  aim  oxygen  content  of  0.15% 
resulted  in  poor  RT  ductility.  In  the  all  alpha-two  system  (Alloy  24  + 
Alloy  15  second  phase),  toughness  remained  unchanged  or  decreased 
slightly  compared  to  baseline  as  increased  second  phase  was  added. 

Values  were  about  midway  between  the  highest  and  lowest  measured  in  Task 
2.  On  the  positive  side,  the  phase  blends  showed  much  better  high 
temperature  behavior  in  the  form  of  increased  creep  rupture  life. 

However,  as  second  phase  content  increased,  life  decreased,  a  similar 
trend  to  Task  2  behavior.  In  the  Alloy  15  matrix  +  Ti-6242  second  phase, 
toughness  was  about  12-14  MPa^meter  (11-13  ksi^inch),  which  is  roughly 
comparable  to  the  lowest  Task  2  data.  Creep  rupture  life  did  increase  as 
the  amount  of  second  phase  was  increased  in  this  case;  however,  the 
rupture  specimens  had  low  ductility. 

In  retrospect,  it  is  likely  that  the  beta  forge  salt  quench  approach  for 
phase  blends  was  not  the  correct  one.  Improved  toughness  seems  to  depend 
upon  reasonably  large  discrete  regions  that  can  act  as  crack  stoppers  or 
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15  as  a  second  phase  (spherical  paiticles).  HIP  conditions:  1093 
( 2000 °F)/ 1 05  MPa  (15  ksi )/2  hours. 


Microstructure  of 
additions  of  PREP 


HIP’ed  PREP  powder  Ti -25A1- 1 7Nb- IMo  alloy  powder  with 
TL-25Al-10Nb-4Mo  showing  some  interaction. 
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Mechanical  Summary  of  Properties 
of  Task  4  Blended  Powder  Alloys 
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Mechanical  Summary  of  Properties 
of  Task  4  Blended  Powder  Alloys  (Continued) 
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deflectors.  Minimal  interfacial  reaction  is  also  desirable,  not  only  to 
maintain  particle  size,  but  also  to  avoid  the  creation  of  potentially 
brittle  interfacial  regions.  The  extended  periods  at  high  temperatures, 
and  in  the  case  of  Ti-6242,  the  larger  chemical  difference  with  the 
matrix  combined  to  dissolve  the  particles.  Thus,  to  build  upon  the 
results  obtained  in  Task  2,  considerably  more  work  on  alloy  selection  and 
the  process  cycle  is  needed  before  a  useful  system  can  emerge. 

In  contrast  to  the  phase  blended  material  the  forged  ingot  metallurgy, 
Alloy  24  showed  an  excellent  property  balance.  High  tensile  strength,  3% 
elongation  at  room  temperature,  a  fracture  toughness  of  20.9  MPa-^meter 
(19  ksi^inch)  and  a  stress-rupture  life  of  476  hours  were  measured 
(Table  30).  The  HIP  +  forged  powder  of  the  same  aim  composition  used  for 
powder  blend  baseline  was  somewhat  less  ductile  and  tough,  but  slightly 
stronger.  Chemical  analysis  revealed  that  the  consolidated  powder  was 
about  actually  1.8%  weight  percent  higher  in  aluminum  and  niobium,  while 
the  forged  ingot  was  closer  to  a  24%  A1  composition.  The  powder  also 
exhibited  a  higher  interstitial  level.  Alloy  23  (Ti-25Al-18Nb)  was  less 
strong  and  creep  resistant  than  Alloy  24  with  no  corresponding  advantage 
in  toughness. 

3.4.4  Phase  II  Recommendations 

Based  on  a  careful  review  of  the  data  generated  in  this  program  and  a 

(*) 

previous  study  ,  it  was  concluded  that  a  delicate  balance  exists  in 
obtaining  a  tough  alpha-two  alloy  without  degrading  high  temperature 
capability. 

It  was  apparent  that  the  most  effective  compositional  change  affecting 
toughness  was  to  decrease  aluminum  content  while  increasing  niobium 
content.  Molybdenum  up  to  1  atomic  percent  tended  to  reduce  toughness, 
slightly,  but  had  a  more  detrimental  effect  at  2-4  a/o  level.  However, 

*AFWAL-TR-8 1-4046 
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some  molybdenum  is  required  to  produce  a  useful  alloy  with  high  tensile 
and  creep  strengths.  Therefore,  the  three  alloys  that  were  proposed  for 
more  extensive  study  were: 


24:  Ti-25Al-17Nb-lMo  (a/o) 

25:  Ti-24Al-17Nb-.5Mo 

26:  T1-22A1- 17Nb- IMo 

Alloy  24  is  based  on  the  result  cited  above  which  demonstrated  the  best 
combination  of  properties  yet  obtained  on  an  alpha-two  alloy.  We  should 
emphasize  that  careful  control  of  the  aluminum  content  appears  critical 
and  this  variable  is  included  in  the  three  alloys  selected.  The  other 
two  alloys  were  designed  to  establish  higher  toughness  levels  with 
acceptable  rupture  life.  Alloy  25  was  expected  to  show  increased 
toughness  but  sacrificing  some  stress -rupture  capability,  while  Alloy  26 
with  lower  aluminum  content  should  have  the  highest  toughness  of  the 
three  while  still  meeting  minimum  rupture  life.  The  proposed  processing 
approach  was  to  continue  the  use  of  isothermally  beta  forging  followed  by 
salt  quenching  (815°C/1500°F)  to  produce  refined  grain  size  with  a  fine 
transformed  structure. 

While  phase  blending  showed  potential,  it  was  considered  that  not  enough 
screening  trials  had  been  conducted  to  establish  the  optimum  combination 
of  processing  and  compositional  variables  that  could  yield  a  high 
temperature  system  with  good  ductility  and  toughness. 
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4.0  PHASE  II  -  SCALE-UP 


4.1  Introduction 

The  objectives  of  Phase  II  of  the  program  were  to  1)  select  the  three 
best  alloy  compositions  and  scale  them  up  to  a  minimum  9  Kg  (20  lb)  heat 
for  each  alloy  and  2)  consolidate  or  forge  the  alloys  using  the  optimized 
processing  procedure/heat  treatment  developed  in  Phase  I.  Extensive 
mechanical  property  evaluation  of  the  selected  alloys  to  include  tensile, 
impact,  fracture  toughness,  creep  rupture  and  fatigue  testing  was 
conducted. 

4.2  Alloy  Composition  and  Processing 

As  discussed  previously,  the  three  alloys  selected  for  Phase  II  were  as 
follows : 

Ti-25Al-17Nb-lMo  (Alloy  24) 

Ti-24Al-17Nb-.5Mo  (Alloy  25) 

Ti-22Al-17Nb-lMo  (Alloy  26) 

Six  ingots,  each  weighing  approximately  4.5  Kg  (10  lb)  were  made  using 
vacuum  arc  remelt  techniques  detailed  in  section  3.1.3.  After  melting, 
the  ingots  were  HIP  at  1010°C/103  MPa/3  hours  (1850°F/15  ksi/3  hours)  to 
seal  pipe  and  any  internal  porosity.  The  use  of  two  4.5  Kg  (10  lb) 
ingots  per  alloy  was  necessary  due  to  size  limitations  of  the 
Wyman-Gordon  isothermal  press  and  salt  pot,  which  can  accommodate  a 
maximum  18  cm  (7  in)  diameter  pancake. 

Analysis  of  the  six  ingots  was  conducted  and  the  results  are  shown  in 
Table  31.  The  aluminum  content  of  the  Alloy  24  ingots  varied  from  the 
aim  by  about  ±1.0  a/o.  The  ingot  designated  73-1-88  was  about  1.0% 
higher  than  aim  while  73-1A-88  was  about  1.0%  lower.  It  was  decided  to 
use  the  ingots  as  formulated  for  the  following  reasons.  The  two 
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Table  31 


Chemical  Analysis  Results  for  Phase  II  Ingots 
Two  Ingots  Per  Alloy 


Composition  w/o 


Alloy 

Number 

In? 

:ot  ID 

A1  (1)  Nb  (1)  M°  (1) 
Aim  Actual  Aim  Actual  Aim  Actual 

°2 

Actual 

24 

73- 

■1-88 

13.3 

14.0 

31.1 

29.7 

1.9 

1.88 

0.08 

24 

73- 

1A-88 

13.3 

12.5 

31.1 

30.2 

1.9 

1.82 

0.10 

25 

73- 

-2-88 

12.7 

12.5 

31.0 

30.1 

0.95 

0.96 

0.11 

25 

73- 

2A-88 

12.7 

12.5 

31.0 

29.5 

0.95 

0.91 

0.09 

26 

73- 

3-88 

11.5 

11.6 

30.7 

29.8 

1.9 

1.83 

0.09 

26 

73- 

3A-88 

11.5 

11.9 

30.7 

29.6 

1.9 

1.80 

0.10 

(1) 


Average  of  three  locations  within  the  ingot. 
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chemistries  would  provide  an  additional  set  of  data  and  would  also  give  a 
measure  of  the  effect  of  a  possible  aluminum  variation  in  a  large 
production  size  heat.  With  this  exception,  chemical  composition  of  the 
ingots  were  essentially  on  target. 

Forging  was  conducted  at  Wyman-Gordon  in  Millbury,  MA.  Six  ingots  were 
machined  to  7.9  cm  (3.125  in)  diameter  by  14.6  cm  (5.75  in)  long  with 
generous  machined  corner  radii.  Identification  numbers  1,  1A,  2,  2A,  3 
and  3A  were  assigned  together  with  the  prefix  73-  and  the  suffix  -88. 

The  forging  plan  was  to  heat  each  to  117o°C  (2150°F)  and  flatten  across 
the  diameter  from  7.9  cm  (3.125  in)  to  2.59  cm  (1  in)  thick  and 
immediately  quench  into  815°C  (1500°F)  salt  and  hold  for  30  minutes 
followed  by  air  cooling.  However,  a  trial  run  using  a  Ti-6A1-4V  billet 
machined  to  the  above  dimensions  flowed  over  the  end  of  the  die  assembly 
and  caused  the  dies  to  stick  together.  To  avoid  this  problem,  the 
alpha-two  billets  were  shortened  to  12  cm  (4.75  in)  and  rechamfered.  A 
flat,  approximately  2.5  cm  (1  in)  wide  with  a  25  cm  (10  in)  chord,  was 
ground  the  length  of  each  billet  for  stability  on  the  flat  die.  The 
ingots  were  blasted  to  roughen  their  surface  slightly  and  coated  with 
boron  nitride  to  minimize  die  sticking.  Forging  data  are  given  in  Table 
32.  After  forging,  the  ingots  were  transferred  to  815°C  (1500°F)  molten 
salt  within  20  seconds  and  held  in  the  salt  for  30  minutes. 

Five  of  the  ingots  were  processed  to  the  above  schedule.  During  the  last 
five  minutes  of  the  forging  of  the  ingot  designated  73-2-88  (Alloy  25),  a 
water  leak  developed  in  the  induction  coil  of  the  press  which  cooled  both 
the  die  stack  and  forging,  causing  the  high  flow  stress  noted  in  the 
table.  The  pressing  had  begun  at  1176°C  (2150°F)  but  fell  to 
approximately  1038°C  (1900°F)  at  the  end  of  the  cycle.  This  meant  that 
part  of  the  deformation  had  occurred  below  the  beta  transus.  Since 
replacement  of  the  ingot  would  have  caused  a  major  program  delay,  it  was 
deemed  necessary  to  reheat  treat  the  forging  in  such  a  manner  to  simulate 
the  processing  of  the  remaining  five.  One  obvious  reheat  treatment  would 
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Table  32 


Forging  Parameters  for  Phase  II  Pancakes 


Heating 

Die  Temp. 

Forge 

Die  Temp. 

Pressure 

Time 

Start 

Duration 

End 

Max. 

Unit 

Alloy 

ID 

(Hours) 

II 

Minutes 

II 

°_F 

T 

MPa 

Ksi 

24 

73-1-88 

5 

1168 

2135 

12 

1188 

2170 

50.3 

21.4 

3.1 

24 

73-1A-88 

2-1/2 

1176 

2150 

12 

1183 

2161 

58.0 

21.7 

3.0 

25 

73-2-88 

2-1/2 

1172 

2143 

12 

1038 

190D1 

144.0 

51.8 

7.5 

25 

73-2A-88 

4-1/2 

1168 

2135 

13 

1174 

2146 

43.3 

15.2 

2.2 

26 

73-3-88 

3-1/4 

1173 

2144 

10 

1175 

2148 

40.7 

17.9 

2.6 

26 

73-3A-88 

4-3/4 

1175 

2148 

10 

1167 

2134 

43.3 

15.2 

2.2 

Water  leak  in  induction  coil  cooled  dies  and  pancake.  S/N  2  was  later  solutioned  at 
1107°C  (2025°F)  for  one  hour  and  quenched  into  815°C  (1500°F)  salt  for  30  minutes. 

Unit  pressure  approximate  based  on  17.8  cm  (7  in)  circle. 


have  been  to  beta  anneal  the  pancake  and  salt  quench;  however,  work 
during  the  development  of  the  Ti-25Al-10Nb-3V-lMo*'Zt'^  alloy  found  that 
beta  annealing  caused  extensive  grain  growth  which  had  a  detrimental 
effect  on  ductility  and  notched  properties.  Therefore,  it  was  decided 
that  the  best  approach  would  be  to  solution  anneal  this  forging  just 
below  the  beta  transus  in  order  to  minimize  grain  size  changes  but  still 
result  in  a  transformed  beta  microstructure.  Thus,  the  procedure  used 
was  as  follows:  anneal  for  one  hour  at  1107°C  (2025°F)  and  quench  into 
the  815°C  (1500°F)  salt  bath  for  30  minutes.  Subsequent  metallographic 
examination  revealed  that  the  microstructure  was  essentially  the  same  as 
the  other  pancake.  Apparently,  the  amount  of  alpha-beta  working  applied 
was  not  enough  to  cause  recrystallization. 

Metallographic  examination  of  each  pancake  forging  was  conducted  at 
various  locations.  The  Ti-26Al-17Nb-lMo  alloy  (73-1-88)  revealed  an 
equiaxed  appearance  with  a  typical  prior  beta  grain  diameter  of  0.7-0. 8 
mm  (0.025-0.030  in);  some  occasional  grains  as  large  as  1.6  mm  (0.060  in) 
were  observed  (Figure  69a).  The  transformed  alpha-two  platelets  were 
extremely  fine  (Figure  69b).  The  Ti-24Al-17Nb-lMo  alloy  (73-1A-88)  alloy 
exhibited  more  elongated  grains,  typically  0.2  mm  x  0.4-0. 6  mm  (0.010  in 
x  0 . 020in-0 . 040  in)  with  occasional  grains  as  large  as  twice  the  size  of 
the  typical  grains  present  (Figure  70).  The  alpha-two  platelets  were 
somewhat  coarser  in  comparison  to  those  of  the  26%  aluminum  alloy. 

Specimens  from  the  Ti-24A1- 1 7Nb- . 5Mo  (73-2-88),  which  had  been  solution 
treated  below  the  beta  transus  and  salt  quenched,  exhibited  a  duplex 
structure  with  alternating  bands  of  fine  and  coarse  transformed  alpha-two 
platelets.  Prior  beta  grains  were  heavily  deformed  and  were 
approximately  the  same  size  as  those  in  73-1A-88  (Figures  71a, b).  A 
small  amount  (<1%)  of  globular  alpha-two  phase  was  present  in  some  areas 
of  the  forging,  especially  near  the  edge  where  the  effect  of  cooling  was 
stronger  (Figure  71c).  It  is  unclear  if  the  duplex  structure  exhibited 
by  this  forging  merely  resulted  from  the  high  temperature  solution 
treatment  and  subsequent  transformation  of  coarser  alpha-two  platelets 
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Microstructure  of  Ti-26Al-17Nb-lMo  forged  and  quenched  tensile  specimen 
(73-1-88). 
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crostructure  of  Ti-24Al-17Nb-lMo  forged  and  quenched  tensile  specimen 

T  it  nn \  * 


during  the  isothermal  hold  or  could  be  related  to  the  "beta  fleck"  type 
segregation  encountered  in  alloys  with  large  amounts  of  beta  stabilizing 
elements.  However,  an  EDAX  analysis  of  the  material  showed  no 
significant  difference  in  the  composition  of  the  two  types  of  structures 
(Figure  72).  Microstructure  of  specimens  from  the  Ti-24Al-17Nb- . 5Mo 
alloy  quenched  from  the  press  (73-2A-88)  was  virtually  identical  to  the 
Ti-24Al-17Nb-lMo  alloy  (73-1A-88)  in  all  respects,  including  prior  beta 
grain  size  and  platelet  size  (Figure  73). 

Specimens  from  both  forgings  of  Alloy  26  (Ti-22Al-17Nb-lMo)  exhibited 
similar  microstructures  so  only  one  photomicrograph  is  shown.  It  was 
observed  that  the  prior  beta  grains  were  not  as  heavily  deformed  and 
elongated  as  other  forgings  and  typical  diameter  was  approximately 
0. 3-0.4  mm  (0.01-0.015  in)  (Figure  74a).  Alpha-two  platelets  were  coarse 
and  many  of  the  prior  beta  grain  boundaries  had  spawned  subcolonies  of 
alpha-two  platelets  giving  them  a  "fish  bone"  appearance  (Figure  74b). 

4.3  Mechanical  Property  Testing 

4.3.1  Tensile  Testing 

4. 3. 1.1  Experimental  Details 

Six  tensile  specimens  were  machined  from  each  of  the  forgings  and  tested 
over  the  range  of  21°C  (70°F)  to  815°C  (1500°F).  One  specimen  from  each 
forging  was  tested  at  each  temperature. 

4.3. 1.2  Results  and  Discussion 

The  data  for  the  nominal  Alloy  24  compositions  are  given  in  Tables  33  and 
34.  Visual  representation  of  the  data  is  shown  in  Figures  75  and  76. 

The  Ti-26Al-17Nb-lMo  composition  (73-1-88)  showed  excellent  strength  over 
the  temperature  range  tested,  well  in  excess  of  the  program  goals.  Room 
temperature  ductility  was  only  1-1.5%;  however,  the  ductility  rose 
quickly  with  temperature  to  5-7%  at  204°C  (400°F).  Specimens  from  the 
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Figure  72 

EDAX  analysis  of  Ti-24A1- 17Nb- . 5Mo  alloy  specimens  with  duplex  structure 
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forged  and  quenched  tensile  specimen 


Table  33 


Tensile  Properties  of  Forged  +  Salt  Quenched 
Ti-26Al-17Nb-lMo  (73-1-88) 


Specimen  Test  Temp.  0.2%  Yield  Str.  Ult.  Tens.  Str. 


Number 

°C 

°F 

MPa 

Ksi 

MPa 

Ksi 

%EL 

%RA 

1 

21 

70 

1034 

149.2 

1107 

159.7 

0.94 

1.4 

5 

204 

400 

863 

124.5 

1031 

148.8 

5.0 

6.7 

6 

427 

800 

809 

116.8 

1037 

149.6 

13.3 

36.2 

19 

650 

1200 

791 

114.2 

923 

133.2 

4.4 

8.0 

2 

760 

1400 

735 

106.1 

888 

128.2 

5.3 

13.1 

20 

815 

1500 

466 

67.2 

545 

78.7 

4.9 

15.7 

Table  34 

Tensile  Properties  of  Forged  +  Salt  Quenched 
Ti-24Al-17Nb-lMo  (73-1A-88) 


Specimen 

Number 

Test 

Temp . 
op 

0.2% 

MPa 

Yield  Str. 
Ksi 

Ult.  Tens 
MPa 

.  Str. 
Ksi 

%EL 

%RA 

41 

21 

70 

902 

130.1 

1021 

147.3 

2.3 

6.7 

42 

204 

400 

732 

105.7 

943 

136.1 

6.6 

13.1 

45 

427 

800 

755 

108.9 

972 

140.2 

11.2 

34.4 

46 

650 

1200 

694 

100.1 

1007 

145.3 

7.2 

16.9 

49 

760 

1400 

657 

94.8 

739 

106.7 

2.3 

8.0 

50 

815 

1500 

489 

70.6 

665 

96.0 

2.8 

8.6 
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Figure  76 


TENSILE  PROPERTIES  OF  FORGED  +  SALT 
QUENCHED  Ti-24AI-17Nb-1Mo  (Alloy  24) 


73-1A-88  forging  with  24%  A1  were  69-100  MPa  (10-15  ksi)  less  strong  but 
exhibited  twice  the  ductility  at  room  temperature.  Even  at  this  lower 
strength  level,  program  goals  were  comfortably  met. 

Tensile  properties  of  the  Ti-24A1- 17Nb- . 5Mo  alloy  are  given  in  Tables  35 
and  36.  Bar  chart  plots  are  shown  in  Figures  77  and  78.  Specimens  which 
had  been  solution  treated  below  the  beta  transus  and  quenched  were 
138-207  MPa  (20-30  ksi)  lower  in  strength  at  room  temperature  than  the 
Alloy  24  forgings  above.  As  temperature  increased,  the  strength 
differential  became  only  about  69  MPa  (10  ksi).  The  73-2A-88  forging, 
which  was  beta  forged  and  quenched  off  the  press,  exhibited  strength 
levels  identical  to  the  Ti-24Al-17Nb-lMo  composition  (73-1A-88).  Again, 
both  of  the  forging  processes  used  for  the  Ti-24Al-17Nb- . 5Mo  composition 
resulted  in  strength  and  ductility  levels  at  or  above  goal. 

Test  results  for  Alloy  26  (Ti-22Al-17Nb-lMo)  are  presented  in  Table  37 
and  Figure  79.  These  are  duplicate  data  for  this  alloy  as  no  processing 
or  chemistry  variations  existed  between  the  two  forgings.  We  know  that 
the  room  temperature  strength  is  equal  to  the  Ti-24A1- 17Nb- . 5  or  IMo 
compositions,  but  ductility  is  1-3%  higher.  Elevated  temperature 
properties  paralleled  the  higher  aluminum  content  alloys  up  to  815°C 
(1500°F)  where  they  fell  approximately  138  MPa  (20  ksi)  lower.  These 
strength  levels  were  somewhat  surprising  considering  that  lower  aluminum 
content  placed  the  composition  well  into  the  two  phase  alpha  +  alpha-two 
region. 

A  common  characteristic  of  alpha-two  alloys  is  the  peak  in  tensile 
ductility  which  occurs  around  427°C  (800°F),  followed  by  a  50%  drop  in 
ductility  at  about  650°C  (1200°F).  Alloys  in  this  program  behaved  in  a 
similar  manner  and  exhibited  this  ductility  trend.  However,  as  test 
temperatures  were  raised  to  760°C  (1400°F)  and  higher,  the  ductility 
continued  to  drop  to  surprisingly  low  levels.  At  815°C  (1500°F),  in  some 
instances,  the  elongation  values  were  not  much  different  than  those 
measured  at  room  temperature.  No  comparable  high  temperature  tensile 
data  for  similar  alpha-two  alloys  was  generated  in  previous  studies,  so 
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Table  35 


Tensile 

Properties 

of  Forged  + 

Solution 

Treated 

and  Salt 

Quenched 

Ti-24A1- 17Nb- 

■  0 . 5Mo  (73 

-2-88) 

c  .  (1) 
Specimen 

Test  Temp. 

0.2%  Yield  Str. 

Ult.  Tens.  Str. 

Number 

1£ 

11 

MPa 

Ksi 

MPa 

Ksi 

ZEL 

ZRA 

1 

21 

70 

787 

113.6 

895 

129.1 

1.7 

2.6 

5 

204 

400 

609 

87.9 

931 

134.3 

14.3 

24.0 

6 

427 

800 

579 

83.6 

847 

122.2 

15.0 

43.2 

19 

650 

1200 

563 

81.3 

692 

99.9 

3.4 

6.7 

2 

760 

1400 

554 

79.9 

686 

99.0 

8.3 

9.1 

20 

815 

1500 

442 

63.8 

559 

80.6 

6.2 

14.5 

'^Solution  treated  at  1107°C  (2025°F) 


Table  36 

Tensile  Properties  of  Forged  +  Salt  Quenched 
Ti-24Al-17Nb-0. 5Mo  (73-2A-88) 


Specimen  Test  Temp.  0.2%  Yield  Str.  Ult.  Tens.  Str. 


Number 

11 

11 

MPa 

Ksi 

MPa 

Ksi 

ZEL 

ZRA 

41 

21 

70 

822 

118.6 

997 

143.9 

4.7 

5.3 

42 

204 

400 

686 

99.0 

895 

129.1 

8.5 

20.6 

45 

427 

800 

656 

94.6 

839 

121.1 

10.0 

43.5 

46 

650 

1200 

600 

86.6 

726 

104.7 

4.3 

14.3 

49 

760 

1400 

520 

75.0 

649 

93.6 

5.9 

9.2 

50 

815 

1500 

485 

70.0 

617 

89.0 

5.3 

8.0 

PERCENTAGE 


U  TENSILE  PROPERTIES  OF  FORGED  +  SALT 
QUENCHED  AND  RESOLUTION  TREATED 


TEMPERATURE 


TEMPERATURE 


70 


400 


L*l# 


•Ir 


800  12 
TEMPERATURE 


TEMPERATURE 


Table  37 


Tensile  Properties  of  Forged  +  Salt  Quenched 
Ti-22A1-1 7Nb- IMo  (Alloy  26) 


Specimen 

Number 

Test  Temp. 

°C  °F 

0.2% 

MPa 

Yield  Str. 
Ksi 

Ult.  Tens 
MPa 

.  Str. 
Ksi 

%EL 

%RA 

1 

21 

70 

822 

118.6 

989 

142.1 

4.5 

6.6 

41 

21 

70 

870 

125.5 

1023 

147.6 

4.5 

8.0 

5 

204 

400 

692 

99.8 

948 

136.8 

12.7 

30.2 

42 

204 

400 

763 

109.9 

1006 

145.2 

11.3 

20.7 

6 

427 

800 

653 

94.3 

845 

121.9 

11.0 

30.7 

45 

427 

800 

712 

102.7 

886 

127.8 

9.3 

43.2 

19 

650 

1200 

610 

88.4 

716 

103.8 

4.5 

12.6 

46 

650 

1200 

655 

94.9 

753 

109.2 

5.6 

32.0 

2 

650 

1200* 

598 

86.7 

705 

102.2 

6.0 

19.5 

49 

760 

1400 

493 

71.4 

606 

87.8 

4.9 

9.3 

20 

815 

1500 

309 

44.8 

418 

60.6 

8.2 

8.1 

50 

815 

1500 

288 

41.7 

509 

73.8 

9.3 

12.4 

*Intended  to  be  tested  at  760°C  (1400°F) 
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TENSILE  PROPERTIES  OF  FORGED  +  SALT 
QUENCHED  Ti-22AI-1 7Nb-1  Mo  (Alloy  26 


TEMPERATURE 


TEMPERATURE 
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it  is  not  known  if  this  behavior  is  typical  of  all  alpha-two  alloys. 

While  use  at  760°C  (1400°F)  and  higher  is  probably  not  possible  for  these 
alloys,  it  is  a  matter  of  concern  for  future  development  and  should  be 
the  subject  of  further  study. 

Limited  metallographic  and  f ractographic  examination  of  selected 
Ti-25A1- 17Nb- IMo  specimens  was  conducted.  Specimens  selected  had  been 
tested  at  21°C  (70°F),  427°C  (800°F)  and  815°C  (1500°F)  prior  to 
examination.  At  21°C  (70°F),  the  fracture  mode  was  brittle  transgranular 
cleavage  resulting  in  a  very  flat  fracture  surface  (Figure  80).  At  427°C 
(800°F),  the  surface  was  more  textured  and  shear  lips,  characteristic  of 
a  ductile  cup-cone  fracture,  were  observed  (Figure  81).  Crack 
progression  was  still  transgranular.  At  815°C  (1500°F),  the  fracture 
surface  was  heavily  sheared,  exhibiting  a  near  45°  angle  to  the  applied 
stress  direction,  but  no  shear  lips  were  apparent.  Crack  progression  was 
not  predominantly  intergranular  (Figure  82).  This  somewhat  cursory 
examination  revealed  that  significant  changes  in  fracture  mode  were 
occurring  with  increasing  temperature,  but  a  more  detailed  examination 
was  beyond  the  scope  of  this  program. 

While  the  number  of  combinations  and  processing  variables  make  analysis 
more  complex,  some  observations  were  made  as  follows: 

o  All  conditions  tested  met  program  goals  for  strength  but  not 
ductility. 

o  The  Ti-26Al-17Nb-lMo  alloy  exhibited  the  highest  strength  and 
lowest  ductility. 

o  Specimens  with  24%  aluminum  and  0.5-1%  Mo  had  the  optimum 
combination  of  strength  and  ductility. 

o  Lowering  the  aluminum  content  from  24  to  22%  did  not  affect  tensile 
and  ultimate  strength  at  temperatures  of  650°C  (1200°F)  and  lower, 
but  did  substantially  increase  ductility. 
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o  Both  niobium  and  molybdenum  additions  have  a  substantial  effect 

on  increasing  tensile  strength  in  alpha-two  alloys.  When  the  sum  of 
Nb  +  Mo  is  17-18  a/o,  the  resulting  alloys  range  from  30  to  100% 
stronger  than  alloys  such  as  Ti-24Al-llNb  or  Ti-25Al-10Nb-3V-lMo. 

o  Niobium  is  the  preferred  strengthener  from  a  tensile  standpoint. 

Not  only  does  it  increase  strength,  but  it  improves  toughness  and 
ductility.  It  results  in  alloys  less  sensitive  to  processing  than 
those  containing  molybdenum. 

o  The  high  temperature  (>650°C/ 1200°F)  fracture  mode  became  grain 
boundary  dependent. 

4.3.2  Fracture  Toughness  Testing 

4.3.2. 1  Experimental  Details 

Rectangular  notched  specimens  were  machined  from  each  of  the  alloys. 
Notch  orientation  was  in  the  plane  of  the  forging  for  all  specimens  the 
including  the  Charpy  Impact  specimens  to  be  discussed  in  4.3.3.  All 
specimens  were  machined  from  the  first  forging  in  each  alloy  (i.e. 
73-1-88,  73-2-88,  73-3-88).  In  the  case  of  Alloy  24,  this  means  all 
specimens  contained  26%  aluminum;  for  Alloy  25,  all  specimens  had  been 
solution  treated  and  quenched  rather  than  quenched  from  the  press. 

Testing  was  conducted  per  ASTM  E-399-83  for  three  point  bend  specimens . 
Prior  to  testing,  the  notched  specimens  were  precracked  by  reverse 
bending  in  a  high  frequency  fatigue  machine  to  the  required  precrack 
depth.  Calculations  made  after  completion  of  testing  showed  that  all 
results  met  plain  strain  criteria  based  on  yield  strength  and  specimen 
size. 
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4. 3. 2. 2  Results  and  Discussion 

Test  data  for  all  alloys  are  listed  in  Table  38  and  presented  visually  in 
Figure  83.  None  of  the  alloys  or  conditions  met  the  33  MPa  meter  (30 
ksi  inch)  goal.  Ti-26Al-17Nb-lMo  (73-1-88)  specimens  averaged  18.7  MPa 
\/meter  (17  ksi  ^Inch)  at  room  temperature.  At  204°C  (400°F),  the 
toughness  doubled  to  41  MPa  .^neter  (37.3  ksiyinch),  while  at  427°C 
(800°F),  it  rose  to  74.8  MPa-^meter  (68  ksiYinch).  The  Ti-22A1- 17Nb-lMo 
(73-3-88)  alloy  averaged  25.2  MPa  ^meter  (23.1  ksiyinch)  at  room 
temperature  and  paralleled  behavior  of  the  other  beta  processed  material 
(73-1-88)  by  rising  much  more  quickly  with  increasing  temperature. 

Maximum  toughness  obtained  at  427°C  (800°F)  was  82.6  MPa^meter  (75.1  ksi 
\Jinch) .  The  Ti-24Al-17Nb- . 5Mo  (73-2-88)  alloy  which  had  been  solution 
treated  and  quenched,  averaged  25.3  MPa'^meter  (23  ksiyinch)  at  room 
temperature;  however,  this  process  condition  showed  a  slower  increase  in 
toughness  with  temperature,  achieving  a  maximum  toughness  of  50.8  MPa 
■^neter  (46.2  ksiy/lnch)  at  427°C  (800°F). 


Since  the  main  aim  of  the  program  was  to  develop  tougher  alpha-two  based 
alloys,  additional  analysis  techniques  were  employed  to  more  fully 
understand  the  data  and  characterize  selected  test  specimens.  It  was 
decided  to  increase  the  data  base  by  including  some  selected  Phase  I 
toughness  data  from  Ti-Al-Nb  and  Ti-Al-Nb-Mo  alloys  in  the  analysis. 
Specific  data  selected  included  Alloys  15  and  19  from  the  Task  1 
thermomechanical  processing  study.  Alloys  14  and  15  from  Task  2  screening 
trials  and  Alloys  23  and  24  from  Task  4.  The  assumption  was  made  that, 
while  not  all  alloys  were  processed  by  salt  quenching  from  the  press, 
they  all  exhibited  a  transformed  microstructure  which  would  behave  in  a 
similar  manner  during  toughness  testing.  Initial  analysis  consisted  of 
simply  plotting  observed  toughness  values  against  tensile  yield  strength 
and  ductility  to  determine  if  any  relationships  or  trends  existed.  For 
example,  conventional  high  strength  titanium  alloys  usually  show  that  the 
fracture  toughness  has  a  inverse  relationship  with  yield  strength.  These 
plots  are  presented  in  Figures  84  and  85.  It  can  be  seen  that  ductility 
values  correlate  more  closely  with  fracture  toughness  than  yield  strength 
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Table  38 


Fracture  Toughness  of  Forged  + 
Salt  Quenched  Alpha-Two  Alloys 


Alloy 

Specimen 

Number 

Test 

°_C 

Temp. 

11 

Fracture  Toughness 
MPa^/M  KsiWIn 

Ti-26A1- 17Nb- 

IMo 

3 

21 

70 

- v - 

19.2 

I 

17.5 

(Alloy  24) 

9 

21 

70 

15.4 

14.0 

23 

21 

70 

21.9 

19.9 

4 

204 

400 

41.0 

37.3 

10 

315 

600 

44.2 

40.2 

24 

427 

800 

74.8 

68.0 

Ti-24Al-17Nb- 

.5Mo(1) 

3 

21 

70 

21.6 

19.6 

(Alloy  25) 

9 

21 

70 

29.4 

26.7 

4 

315 

600 

43.2 

39.3 

10 

427 

800 

50.8 

46.2 

Ti-22Al-17Nb-lMo  3 

21 

70 

26.3 

23.9 

(Alloy  26)  9 

21 

70 

20.5 

18.6 

23 

21 

70 

28.8 

26.2 

4 

204 

400 

39.6 

36.0 

10 

315 

600 

60.8 

55.3 

24 

427 

800 

82.6 

75.1 

>li  specimens  forged  1038°C;  re 

-solution 

treated  at 

1107°C 

(2025°F )  , 

salt  quenched. 
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Figure  84 

Correlation  of  tensile  ductility  with  fracture  toughness  for  Ti-Al-Nb  and 
Ti-Al-Nb-Mo  alloys. 
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Figure  85 

Correlation  of  yield  strength  with  fracture  toughness  for  Ti-Al-Nb  and 
Ti-Al-Nb-Mo  alloys. 
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which  showed  no  correlation.  More  scatter  exists  at  the  high  ductility 
range,  but  these  numbers  are  from  a  relatively  few  elevated  temperature 
tests  where  other  factors  such  as  oxidation  could  come  into  play. 

In  an  attempt  to  more  fully  understand  the  relationship  between 
compositional  variables  and  tensile  properties  and  their  effect  on 
fracture  toughness,  regression  analyses  were  conducted.  The  regression 
variables  chosen  were  yield  strength,  %  elongation,  %  Al,  %  Mo  and  %  Nb. 
Two  runs  were  made.  First,  only  room  temperature  values  were  analyzed; 
secondly,  elevated  and  room  temperature  values  were  analyzed.  The 
results  are  plotted  in  the  response  graphs  (Figure  86).  At  room 
temperature,  aluminum  content  and  molybdenum  content  appear  to  be  key 
factors  in  controlling  toughness  and  the  equation  shown  provides  the  best 
fit  for  the  five  variable  model.  When  elevated  temperature  data  are 
included,  different  variables  become  more  important.  First,  temperature 
itself  is  a  major  effect  and  niobium  content  becomes  a  stronger 
compositional  factor  than  aluminum  or  molybdenum.  Thus,  a  different 
equation  was  generated.  It  should  be  noted  that  the  plots,  while 
interesting,  may  not  provide  the  most  accurate  possible  prediction. 

While  all  samples  had  a  transformed  beta  microstructure,  different  heat 
treatments  and  process  sequences  were  used,  however,  these  equations  do 
point  out  some  general  compositional  effects  which  may  be  valuable  in 
future  alloy  planning. 

Fractographic  examination  was  conducted  by  examining  a  typical  room 
temperature  and  a  A27°C  (800°F)  specimen  of  the  Ti-26Al-17Nb-lMo  alloy. 
Both  specimens  exhibited  a  relatively  rough  surface  with  little  evidence 
of  smooth  cleavage  which  occurs  at  higher  strain  rates  as  will  be  shown 
in  the  next  section.  The  major  difference  between  the  two  specimens  is 
that  more  ductile  dimpling  and  tearing  occurs  at  high  temperature  (Figure 
87)  whereas  at  room  temperature  fracture  seemed  to  be  along  platelet 
boundaries  (Figure  88).  There  was  no  evidence  of  intergranular  failure 
along  prior  beta  grain  boundaries. 
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Since  the  goal  to  develop  an  alpha-two  type  alloy  system/process 

procedure  with  room  temperature  fracture  toughness  of  33  MPa -^neter  (30 

ksi-^/lnch)  while  maintaining  an  acceptable  level  of  elevated  temperature 

properties  was  not  achieved,  it  is  fair  to  ask  what  progress  has  been 

made  as  a  result  of  the  program  efforts.  By  comparing  the  data  from  this 

program  with  alpha-two  titanium  aluminide  alloys  developed  in  earlier 

programs  (Table  39),  it  can  be  shown  that  substantial  progress  has  been 

made.  The  only  alpha-two  alloy  with  comparable  room  temperature  fracture 

toughness  is  the  venerable  Ti-24Al-llNb  composition.  This  alloy  is  far 

inferior  to  the  Phase  II  alloys  in  tensile  strength,  ductility  and 

elevated  temperature  capability  (including  toughness).  The  widely  used 

high  strength  "super"  alpha-two,  Ti-25Al-10Nb-3V-lMo,  which  was  developed 

(4) 

by  P&W  in  the  early  1980's  ,  has  only  about  half  the  fracture  toughness 

of  the  Phase  II  alloys  at  roughly  equivalent  property  levels.  Therefore, 
it  can  be  concluded  that  real  progress  has  been  made,  but  the  actual 
levels  achieved  are  still  not  high  enough  to  engender  a  totally 
comfortable  feeling  about  use  of  alpha-two  alloys  in  notched,  high  stress 
applications. 

4.3.3  Notched  Charpy  Impact  Testing 
4. 3. 3.1  Experimental  Details 

Standard  notched  Charpy  impact  specimens  were  machined  from  the  forgings. 
Notch  orientation  was  constant  for  all  specimens  and  was  identical  to  the 
fracture  toughness  specimens.  Testing  was  conducted  over  the  range  21°C 
( 70°F)  to  650°C  ( 120n°F). 

4.  5.3  2  Results  and  Discussion 

Charpy  impact  values  are.  summarized  in  Table  40  and  shown  visually  in  file 
bar  chart  plot  of  Figure  89.  While  ail  21°C  (70°F)  numbers  were  low,  the 
test,  was  sensitive  enough  to  sort;  out  differences  in  comoosition  or 
processing.  The  T i -26A I  -  1 7Nb- IMo  composition  (73-1-88)  had  the  lowest 
impact  strength  (0.8  Joules/0.6  ft- lb)  while  the  T i - 24A1 -  1 7Nb- 1  Mo 
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Table  39 


Comparison  of  Fracture  Toughness  in 
MPa  M  (Ksi  In)  For  Various  Titanium  Alloys 


Test  Temperature  °C  (°F) 


Alloy 

Reference 

21 

(70) 

315  i 

(600) 

427  i 

(800) 

Ti-24Al-llNb 

12 

21.0 

(19) 

31.0 

(28) 

48.4 

(44) 

Ti-25Al-10Nb-3V-lMo 
|3  Anneal  AC 

13 

15.4 

(14) 

31.3 

(33) 

43.0 

(39) 

Ti-25A1- 10Nb-3V- IMo 

0  Anneal  +  SQ 

4 

13.2 

(12) 

33.0 

(30) 

48.4 

(44) 

Alloy  24 

- 

18.7 

(17) 

48.4 

(44) 

75.0 

(68) 

Alloy  25 

(Alpha-Two  Beta  Sol.) 

- 

25.3 

(23) 

47.3 

(43) 

50.6 

(46) 

Alloy  26 

- 

25.3 

(23) 

60.8 

(55.3) 

82.0 

(75) 

A 


173 


Table  40 


Charpy  Vee  Notch  Impact  Strength  of 
Forged  +  Salt  Quenched  Alpha-Two  Alloys 


Specimen 

Test  Temp. 

I r pact 

Str . 

Process 

Alloy 

Number 

11 

Joules 

Ft  -  Lbs . 

Condition 

Ti-2fiAl- 1 7Nb-lMo 

25 

2! 

70 

0.8 

0.6 

Beta  Fc 

)rge  &  SQ 

Ti-24Al-17Nb-lMo 

31 

21 

70 

1.22 

0.9 

Ti-26Al-17Nb-lMo 

26 

204 

400 

3.5 

2.6 

Ti-24A1- 17Nb- IMo 

27 

427 

800 

13.6 

10.0 

Ti-24Al-17Nb-lMo 

30 

650 

1200 

36.7 

27.0* 

i 

f 

Ti-24Al-17Nb-.5Mo 

25 

21 

70 

1.09 

0.8 

a2-(3  Solution 

(Alloy  25) 

&  SQ 

31 

21 

70 

1.5 

1.1 

Beta  Forge  &  SQ 

26 

204 

400 

3.8 

2.8 

| 

27 

427 

800 

13.3 

9.8 

l 

< 

► 

30 

650 

1200 

53.7 

39.5 

1 

r 

Ti-22A1-: 

L7Nb- IMo 

25 

21 

70 

1.9 

1.4 

Beta  Forge  &  SQ 

(Alloy  26) 

31 

21 

70 

1.8 

1.3 

2u 

204 

400 

3.4 

2.5 

27 

427 

800 

26.4 

19.4 

30 

650 

1200 

67.3 

49.5 

1 

*Estimated: specimen  did  not  break 
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C  21  204  427  650 

F  70  400  800  1200 

TEMPERATURE 


4 


Figure  89 


Charpy  Vee  notch  impact  strength  of  forged  and  salt 
quenched  alpha-two  alloys. 
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FT  LBS 


alloy  (73-1A-88)  had  an  impact  strength  of  1.22  Joules  (0.9  ft-lb)  in  the 
forged  and  quenched  condition.  Impact  strength  rose  gradually  with 
temperature,  but  did  not  achieve  a  level  typical  of  conventional  alloys 
at  room  temperature  until  between  427-650°C  (800-1200°F) .  The  forged  and 
quenched  Ti-24A1- 17Nb- . 5Mo  (73-2A-88)  had  a  room  temperature  impact 
strength  of  1.5  Joules  (1.1  ft-lb);  in  the  solution  treated  and  quenched 
condition,  it  was  yet  lower  at  1.09  Joules  (0.8  ft-lb).  Elevated 
temperature  strengths  were  comparable  to  the  1%  Mo  alloys.  Highest 
impact  strength  was  achieved  by  the  Ti-22Al-17Nb-lMo  alloy.  Average  RT 
impact  strength  was  1.8  Joules  (1.3  ft-lb)  and  elevated  temperature  data 
were  substantially  higher  at  427°C  (800°F)  and  above. 

SEM  and  metallographic  examination  was  conducted  on  the  two 
Ti-26Al-17Nb-lMo  room  temperature  and  427°C  (800°F)  specimens.  At  room 
temperature,  the  fracture  surface  exhibited  a  rather  smooth  appearance 
with  large  areas  of  cleavage  apparent  (Figure  90).  In  contrast,  the  room 
temperature  fracture  toughness  specimen  had  a  much  more  textured  and 
rough  surface  with  some  cleavage  occurring  but  on  a  much  smaller  scale. 

At  427°C  (800°F)  the  impact  specimen  was  rougher  and  more  textured  and 
exhibited  ductile  tearing  (Figure  91).  It  did  not  differ  significantly 
in  appearance  when  compared  to  the  fracture  toughness  specimen  tested  at 
the  same  temperature.  Metallographic  examination  revealed  that  the 
fracture  path  was  intragranular  at  both  temperatures  (Figure  92). 

A  search  of  earlier  and  current  titanium  aluminide  programs  yielded  only 
a  very  limited  data  base  for  Charpy  impact  strength^ ^ .  There  was 
insufficient  data  to  use  regression  analysis,  but  the  information  found 
is  listed  in  Table  41  for  comparison  to  the  Phase  II  data  from  this 
report.  (It  should  be  noted  at  this  time  that,  while  all  data  was  from 
specimens  with  an  acicular  transformed  microstructure,  different 
processing  was  used.)  At  room  temperature,  impact  values  are  very 
similar.  However,  differences  in  capability  are  clearly  seen  at  650°C 
(1200°F).  At  this  temperature,  niobium  has  a  strong  influence,  for 
example,  the  Ti-25Al-5Nb  alloy  had  an  impact  strength  of  6.6  Joules  (4.9 
ft-lb);  the  Ti-24Al-llNb  had  an  impact  strength  of  33.8  Joules  (25.0 
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179 


Cross  section  of  Ti-26Al~17Nb-lMo  (Alloy  24)  Charpy  impact  specimens.  a) 
(70°F)  test;  b)  427°C  (800°F)  test.  Note  both  show  transgranular  failure 


Table  41 


Comparison  of  Notched  Charpy  Impact  Strength  in 
Joules  (Ft-Lbs)  For  Various  Titanium  Alloys 


Test  Temperature  °C  (°F) 


Alloy 

Reference 

21  (70) 

204 

(400) 

427  (800) 

650  (1200) 

Ti-25Al-5Nb 

1 

1.35  (1.0) 

1.8 

(1.3) 

2.7  (2.0) 

6.6  (4.9) 

Ti-24Al-llNb 

12 

1.5  (1.1) 

4..0 

(3.0) 

14.9  (li.u) 

33.8  (25.0) 

Ti-25Al-10Nb-3V-lMo 
Beta  Anneal  AC 

12 

2.3  (1.7) 

3.6 

(2.7) 

5.9  (4.4) 

22.3  (16.5) 

Ti-25Al-10Nb-3V-lMo 
Beta  Anneal  +  SQ 

4 

2.2  (1.6) 

2.3 

(1.7) 

Ti-26A1- 1 7Nb- IMo 

- 

0.8  (0.6) 

- 

- 

- 

Ti-24Al-17Nb-lMo 

- 

1.1  (0.8) 

3.5 

(2.6) 

13.5  (10.0) 

36.4  (27.0) 

Ti-24A1- 1 7Nb-  .  5Mo  (3 

_ 

1.5  (1.1) 

3.8 

(2.8) 

13.3  (9.8) 

53.7  (39.5) 

a-3 

1.09  (0.8) 

- 

Ti-22A1- 17Nb- IMo 

- 

1.8  (1.35) 

3.4 

(2.5) 

26.2  (19.4) 

67.3  (49.5) 

Ti-6Al-2Sn-4Zr-2Mo 

20-27  (15-20) 

- 

- 

- 

* 
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ft- lb)  and  the  Ti-24A1- 17Nb- IMo  alloy  had  an  impact  strength  of  53.3 
Joules  (39.5  ft-lb).  Molybdenum  appears  to  have  an  influence  at  the  11% 
Nb  level.  For  example,  at  650°C  (1200°F),  the  Ti-24Al-llNb  alloy  had  an 
impact  strength  of  33.8  Joules  (25  ft-lb)  compared  to  22.3  Joules  (16.5 
ft-lb)  for  Ti-25A1- 10Nb-3V- IMo . 

Based  on  the  data  generated,  it  is  apparent  that  the  progress  made  in 

improving  toughness  was  also  beneficial  to  the  rapid  impact  capability  of 

alpha-two  alloys,  but  at  temperatures  below  204°C  (400°F),  notched  Ti^Al 

alloys  are  still  "delicate"  in  comparison  with  conventional  titanium. 

Components  without  notches  are  much  less  of  a  problem  as  smooth  impact 

(4) 

data  generated  on  the  Ti-25Al-10Nb-3V-lMo  composition  showed 
approximately  an  order  of  magnitude  increase  over  notched  specimens. 

4.3.4  Creep  Rupture  Testing 

4. 3.4.1  Experimental  Details 

An  equal  number  of  creep  specimens  was  machined  from  each  forging  of  the 
three  alloys.  Generally,  a  duplicate  test  condition  was  run  with  a 
specimen  from  each  forging.  Time  to  various  percent  plastic  deformation 
was  recorded.  Stresses  were  set  at  relatively  high  levels  in  order  to 
achieve  rupture  in  approximately  100  hours. 

4. 3. 4. 2  Results  and  Discussion 

The  results  of  this  part  of  the  development  program  are  most  confusing 
and  disappointing.  All  previous  work  had  pointed  to  molybdenum  as  a 
major  enhancer  of  creep  and  stress-rupture  capability.  If  all  the 
results  of  these  alloys  are  examined,  the  anticipated  improvements  are 
not  seen  and,  in  fact,  property  levels  appear  to  be  reduced  by  at  least  a 
factor  of  five  (Figure  93). 

The  data  in  Tables  42-46  for  each  of  the  alloys  show  that  the  creep  and 
rupture  properties  do  vary  in  a  reasonably  systematic  way.  Properties 
increase  with  aluminum  and  molybdenum  level,  but  the  Ti-26Al-17Nb-lMo 
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TIME  TO  RUPTURE  (HRS) 


Figure  93 

Comparison  of  stress -rupture  life  of  various  alpha-two  titanium  aluminide 
alloys. 


« 
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Table  42 


Creep  Rupture  Data  for  Forged  and 
Salt  Quenched  Ti-26Al-17Nb-lMo  (73-1-88) 


Specimen 

Number 

Test  Temp. 
°C  °F 

Test 

MPa 

Stress 

Ksi 

0.2% 

Time,  Hours 

1%  Rupture 

%EL 

%RA 

7 

650 

1200 

380 

55 

0.6 

7.2 

9.7 

5.1 

10.9 

8 

650 

1200 

414 

60 

0.1 

2.0 

6.1 

5.4 

10.7 

12 

760 

1400 

207 

30 

0.1 

1.4 

8.9 

10.0 

18.9 

21 

760 

1400 

242 

35 

0.1 

0.8 

3.3 

8.0 

14.1 

22 

815 

1500 

104 

15 

0.3 

3.0 

17.5 

22.2 

(1) 

^ ^Radius  failure 

Table  43 

Creep  Rupture  Data  for  Forged  and 
Salt  Quenched  Ti-24A1- 17Nb- IMo  (73-1A-88) 


Specimen 

Number 

Test  Temp. 
°C  °F 

Test 

MPa 

Stress 

Ksi 

0.2% 

Time,  Hours 

1%  Rupture 

%EL 

%RA 

28 

650 

1200 

380 

55 

2.0 

33.0 

67.8 

4.1 

3.1 

29 

704 

1300 

276 

40 

1.1 

12.2 

94.8 

8.8 

7.4 

43 

704 

1300 

276 

40 

0.9 

10.8 

71.7 

8.7 

8.3 

44 

760 

1400 

207 

30 

0.3 

4.0 

46.3 

14.3 

10.2 

47 

815 

1500 

104 

15 

0.8 

10.6 

137  (1) 

14.6 

12.6 

48 

815 

1500 

172 

25 

0.1 

1.0 

14.4 

20.2 

14.2 

(1) 


Discontinued,  did  not  rupture 


Table  44 


Specimen 

Number 

Creep  Rupture  Data  for  Solution  Treated  and 
Salt  Quenched  Ti-24Al-17Nb- . 5Mo  (73-2-88) 

Test  Temp.  Test  Stress  Time,  Hours 

°C  °F  MPa  Ksi  0.2%  1%  Rupture 

%EL 

%RA 

7 

650 

1200 

380 

55 

0.8 

17.2 

119.8 

4.8 

4.5 

8 

650 

1200 

380 

55 

0.7 

10.5 

71.8 

10.5 

10.5 

11 

704 

1300 

276 

40 

0.4 

14.2 

135.7 

8.1 

6.6 

12 

760 

1400 

207 

30 

0.3 

4.5 

56.5 

15.7 

11.7 

21 

760 

1400 

276 

40 

0.1 

0.4 

37.0 

11.0 

11.7 

22 

815 

1500 

104 

15 

0.3 

3.9 

59.0 

42.5 

79.7 

Specimen 

Number 

Table  45 

Creep  Rupture  Data  for  Forged  +  Salt  Quenched 
Ti-?4Al-17Nb-.5Mo  (73-2A-88) 

Test  Temp.  Test  Stress  Time,  Hours 

°C  °F  MPa  Ksi  0.2%  1%  Rupture  %EL 

%RA 

8 

650 

1200 

380 

55 

1.0 

13.6 

68.0 

8.1 

8.7 

28 

650 

1200 

380 

55 

0.6 

8.8 

23.3 

5.1 

7.9 

29 

704 

1300 

276 

40 

0.8 

3.8 

20.7 

7.3 

7.8 

43 

704 

1300 

276 

40 

0.3 

3.5 

28.3 

8.7 

9.4 

44 

760 

1400 

207 

30 

0.1 

1.5 

12.1 

11.0 

14.4 

47 

815 

1500 

104 

15 

0.3 

2.7 

33.9 

28.8 

(1) 

48 

815 

1500 

69 

10 

1.2 

23.6 

138.9 

3.6 

2.6 

^Could  not  measure  due  to  nature  of  fracture;  IRA  >50 


Table  46 


Creep  Rupture  Data  for  Forged  +  Salt  Quenched 
Ti-22Al-17Nb-lMo  (Alloy  26) 


Specimen 

Number 

Test 

12 

Temp . 
11 

Test 

MPa 

Stress 

Ksi 

0.2% 

Time,  Hours 

1%  Rupture 

%EL 

%RA 

7 

/ 

650 

1200 

380 

55 

0.2 

3.5 

14.1 

4.4 

6.7 

28 

650 

1200 

380 

55 

0.3 

4.8 

17.9 

5.6 

10.6 

29 

704 

1300 

276 

40 

0.2 

2.6 

9.9 

7.4 

13.7 

11 

704 

1300 

276 

40 

0.5 

5.4 

29.6 

10.6 

13.6 

43 

704 

1300 

242 

35 

0.5 

6.6 

55.5 

11.0 

10.5 

12 

760 

1400 

207 

30 

0.2 

1.0 

10.5 

25.1 

28.0 

44 

760 

1400 

207 

30 

0.1 

1.3 

14.1 

24.4 

27.4 

21 

760 

1400 

172 

25 

0.3 

3.3 

43.8 

30.7 

27.0 

47 

815 

1500 

104 

15 

0.2 

3.0 

38.9 

42.8 

(1) 

22 

815 

1500 

104 

15 

0.3 

3.5 

46.2 

36.1 

(1) 

48 

815 

1500 

138 

20 

0.1 

0.7 

5.4 

23.2 

63.5 

^^Could  not  measure  due  to  nature  of  fracture;  %RA  >50  (est.) 


does  not  fit  the  pattern  showing  very  poor  rupture  capability.  Once 

before  we  have  encountered  low  properties  in  higher  aluminum  content 
(3) 

alloys  .  In  this  case,  two  alloys  containing  27%  A1  showed  very  low 
lives  which  have  never  been  explained  satisfactorily. 

In  an  attempt  to  explain  the  lower  properties  of  this  alloy  set,  a  series 
of  additional  analyses  were  performed.  First,  records  of  Phase  I  and  II 
tests  were  examined  for  errors  in  stress  or  temperature.  No  errors  were 
detected.  Detailed  fractography  was  performed  to  determine  if  some 
change  in  fracture  mechanism  had  occurred.  (For  example,  if  grain 
boundary  sliding  and  separation  may  have  contributed  to  more  rapid  creep 
and  rupture.)  No  difference  between  long  and  short  lived  specimens  was 
apparent.  It  has  been  shown  in  internal  studies  that  the  presence  of 
small  amounts  of  beta  eutectoid  formers  such  as  Fe,  Ni,  Cr,  Co  or  Cu  can 
dramatically  lower  creep  rupture  capability  at  relatively  low  levels  in 
conventional  alloys  and  possibly  by  analogy  in  alpha-two  alloys. 

Commercial  titanium  specifications  limit  these  elements  to  0.05%  maximum 
or  at  most,  0.1%).  Selected  specimens  exhibiting  short  lives  from  the 
Phase  II  Ti~24Al-17Nb-lMo  alloy  and  the  long  lived  Task  4 
Ti-25Al-17Nb-lMo  specimen  were  analyzed.  Except  for  iron,  all  elements 
were  much  less  than  0.05%  in  all  specimens.  Iron  contents  were  quite 
high  (=0.10-0.12%)  but  there  were  no  differences  between  short  and  long 
life  specimens.  Thus,  the  role  of  chemistry  or  test  error  seems  to  be 
ruled  out  as  possible  causes  for  the  low  lives  of  the  Phase  II  specimens. 
Metallographic  examination  revealed  that  microstructure  of  all  specimens 
was  similar  (Figure  94).  Thus,  the  low  numbers  cannot  be  explained  at 
this  time,  but  they  seem  to  be  atypical  based  on  earlier  results  obtained 
in  both  this  program  and  others. 

* 

4.3.5  Fatigue  Testing 

« 

4. 3. 5.1  Experimental  Details 

Fifteen  smooth  fatigue  specimens,  of  the  type  shown  in  Figure  95,  were 
machined  from  each  alloy.  All  testing  was  conducted  using  axial  loading 
at  a  rate  of  30  Hz  (1800  cpm)  and  an  R  ratio  of  zero,  i.e.  a 
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contained  24.5 %  aluminum  (476  hours). 


DRWG.  NO. 

REF  PRINT 

L  ref. 

Gs 

Dg 

D  thd. 

MERL  2 

MDL  4725 

2.000 

.960-980 

249-.25I 

.500- 20  UN  JF 

Figure  95 

Smooth  fatigue  specimen  used  to  evaluate  titanium  aluminide  alloys.  Dg 
reduced  to  0.198-0.202  after  initial  testing. 
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tension-release  mode  where  the  maximum  stress  is  as  shown  and  the  minimum 
stress  is  zero.  Most  testing  was  conducted  at  427°C  (800°F)  and  650°C 
(1200°F)  but  a  limited  number  of  specimens  were  run  at  RT  and  815°C 
(1500°F).  The  majority  of  the  specimens  were  machined  from  the  "A" 
forgings.  In  the  case  of  Alloy  24,  this  means  that  most  of  the  specimens 
had  an  aluminum  content  of  24%;  for  Alloy  25,  most  of  the  specimens  were 
^  beta  forged  and  salt  quenched,  not  solution  treated  and  salt  quenched. 

Several  failures  occurred  in  the  specimen  grips  during  the  initial  round 
of  testing.  To  eliminate  this  problem,  the  gage  diameter  of  the 
>  remaining  specimens  was  reduced  1.3  mm  (0.050  in).  This  approach  was 

successful  in  preventing  additional  grip  failures.  Specimens  which  did 
not  fail  at  the  10^  cycle  limit  were  uploaded  in  stress  or  temperature 
and  tested  under  a  different  condition. 

4. 3. 5. 2  Results  and  Discussion 

Prior  to  conducting  the  fatigue  test  program,  the  number  of  available 

specimens  from  the  various  alloy  forgings  and  the  aim  of  the  testing  were 

taken  into  consideration.  Based  on  this  evaluation,  it  was  decided  to 

establish  a  stress  vs.  cycles  (S/N)  curve  for  each  major  alloy  at  a 

minimum  of  two  test  temperatures.  Primary  temperatures  selected  were 

427°C  and  650°C  (800°F  and  1200°F).  If  a  reasonable  curve  could  be 

established  at  each  temperature  using  four  or  five  specimens,  remaining 

specimens  would  be  tested  at  815°C  (1500°F)  and  21°C  (70°F).  Since 

previous  attempts  to  test  threaded  alpha-two  specimens  at  RT  usually 

(4) 

resulted  in  a  high  incidence  of  grip  failures  ,  room  temperature 
testing  was  assigned  low  priority.  In  spite  of  the  problems  with  the 
aluminum  variation  and  heat  treatment  variation  in  Alloys  24  (73-1-88, 
73-1A-88)  and  Alloy  25  (73-2-88,  73-2A-88),  it  was  felt  that  treating 
each  alloy  as  the  group  would  give  valid  results.  This  was  important 
because  if  these  two  alloys  were  tested  as  separate  entities,  the  small 
number  of  specimens  in  73-1-88  and  73-2-88  would  severely  limit  testing 
flexibility  and  would  allow  only  one  curve  to  be  established.  When 
dealing  with  previously  untested  alloys,  the  approach  used  in 
establishing  S/N  curves  is  to  select  a  stress  and  temperature  at  which 
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tensile  strength  is  known,  run  the  specimen  to  fracture  or  runout  and 
adjust  the  next  specimen  accordingly.  (Thus,  it  usually  takes  at  least 
five  specimens  to  delineate  an  S/N  curve.)  First,  a  review  of  available 
fatigue  data  for  related  alpha-two  alloys  with  transformed  beta 
microstructures  revealed  that  there  was  little  difference  in  runout 
stress  for  a  wide  range  of  compositions  (Table  47).  Thus,  it  was 
probable  that  the  2%  aluminum  difference  between  the  Ti-26A1- 17Nb- lMo  and 
Ti-24Al-17Nb-lMo  would  have  little  or  no  effect  on  runout  stress. 

Second,  in  the  case  of  the  alpha-two  beta  solution  treated 
Ti-24A1- 1 7Nb- . 5Mo  material,  independent  work  conducted  on  conventional 
alloys  at  P&W  showed  that  fatigue  properties  of  alloys  forged  and 
annealed  above  the  beta  transus  had  similar  fatigue  lives  as  those  forged 
above  or  at  the  beta  transus  and  subsequently  solution  annealed  below  the 
transus.  Thus,  for  Alloy  25,  it  was  felt  that  testing  all  specimens  as 
one  group  would  be  valid. 

Complete  test  data  for  individual  specimens  of  each  alloy  are  presented 
in  Tables  48,  49  and  50,  respectively.  Stress  vs.  cycle  (S/N)  curves  for 
each  alloy  are  plotted  in  Figures  96,  97  and  98.  These  curves  do  not 
reflect  any  grip  failures  and  are  plotted  as  a  minimum  line,  i.e.  all 
data  points  lie  above  the  lines  shown.  It  can  be  seen  that  there  is 
little  significant  difference  between  the  three  alloys  at  the  test 
temperatures  evaluated.  Also,  in  Alloys  24  and  25,  the  difference  in 
aluminum  content  or  heat  treatment  had  no  effect  on  fatigue  lives. 
Existing  fatigue  data  from  alpha-two  alloys  are  limited^  but  the 

comparison  showed  that  the  previous  results  had  10^  cycle  runout  stress 
about  69  MPa  (10  ksi)  lower  than  Alloys  24,  25  and  26.  This  slight  debit 
is  most  likely  attributable  to  processing  differences  as  the  older  data 
are  from  beta  annealed  and  air  cooled  forgings,  which  exhibited  a  coarser 
platelet/colony  type  of  microstructure  in  contrast  to  the  finer 
Widmanstatten  matrix  of  salt  quenched  alloys.  Colony  microstructures 
have  been  shown  to  be  lower  in  fatigue  capability  than  fine  Widmanstatten 
structures.  Conventional  Ti-6Al-2Sn-4Zr-2Mo  (w/o)  alloy  shown  for 
comparison  had  similar  runout  stresses  at  least  up  to  427°C  (800°F).  It 
is  likely  that  the  conventional  alloy  would  fall  rapidly  in  capability 
above  this  temperature,  however. 


Table  47 


t 


i 
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Table  48 


Smooth  Fatigue  Test  Results  for  Forged  +. 
Salt  Quenched  Ti-25Al-17Nb-lMo  (Alloy  24)U' 


Maximum 


Specimen,. 

Number 

Test  Temp. 

Test 

Stress 

Specimen  Life 

11 

MPa 

Ksi 

Cycles 

Remarks 

16 

21 

70 

690 

100 

>io6 

Disc.;  prev.  tested  to  10^  eye.  @ 
650°C  (1200°F) 

Grip  failure;  prev.  tested  to  10  @ 

427°C  (800°F) 

37 

21 

70 

690 

100 

444,200 

14 

427 

800 

483 

70 

o 

oo 

00  o 
*  *— ( 
OO  A 

o 

ON 

Grip  failure 

17 

427 

800 

483 

70 

Broke  on  unloading  from  rig 

33 

427 

800 

552 

80 

304,100 

Grip  failure 

35 

427 

800 

690 

100 

171,200 

37 

427 

800 

483 

70 

>10° 

Retested  @  RT 

38 

427 

800 

690 

100 

294,700 

40 

427 

800 

586 

85 

270,500 

A 

16 

427 

800 

828 

120 

5,300 

Prev.  tested  to  10  eye.  @  RT  and 
650°C  ( 1200°F) 

13 

650 

1200 

448 

65 

136,450 

>10° 

Grip  failure 

16 

650 

1200 

4S3 

70 

Retested  @  RT  &  650°C  (1200°F) 

18 

650 

1200 

518 

75 

9,950 

32 

650 

1200 

466 

67.5 

69,800 

Grip  failure 

34 

650 

1200 

518 

75 

70,300 

Grip  failure 

36 

650 

1200 

552 

80 

>106 

Uploaded  and  rerun 

36 

650 

1200 

690 

100 

5,200 

39 

650 

1200 

621 

90 

6,400 

=  0;  Freq.  =  30  HZ 

'’Specimens  numbered  18  and  lower  from  Ti-26Al-17Nb-lMo  composition  (73-1-66); 
others  from  Ti-24Al-17Nb-lMo  composition  (73-1A-88) 


1 


i 
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Table  49 


Smooth  Fatigue  Test  Results  for  Forged  +r,\ 
Salt  Quenched  Ti-24Al-17Nb-.5Mo  (Alloy  25)v 


\ 


Maximum 


Specimen. 

Test  Temp. 

Test 

Stress 

Specimen  Life 

Number 

°_C 

11 

MPa 

Ksi 

Cycles 

Remarks 

33 

21 

70 

690 

100 

855,900 

Prev.  tested  to  10B  eye.  ( 

(800°F ) 

16 

427 

800 

518 

75 

469,700 

Grip  failure 

18 

427 

800 

552 

80 

>10° 

Uploaded 

18 

427 

800 

828 

120 

5f2g0 

33 

427 

800 

586 

85 

>10° 

Retested  @  RT 

35 

427 

800 

483 

70 

110,000 

36 

427 

800 

552 

80 

>105 

Retested  @  815°C  (1500°F) 

39 

427 

800 

690 

100 

449,700 

13 

650 

1200 

518 

75 

7, 30° 

14 

650 

1200 

448 

65 

>10° 

Retested  @  815°C  (1500°F) 

15 

650 

1200 

497 

72 

>106 

Retested  @  815°C  (1500°F) 

17 

650 

1200 

552 

80 

377,200 

32 

650 

1200 

586 

85 

6,500 

34 

650 

1200 

345 

50 

>10B 

Retested  @  815°C  (1500°F) 

37 

650 

1200 

518 

75 

0 

FOL.  -  cracked  THD 

38 

650 

1200 

518 

75 

1,800 

40 

650 

1200 

690 

100 

1,000 

36 

815 

1500 

448 

65 

39,400 

14 

815 

1500 

345 

50 

>10° 

15 

815 

1500 

345 

50 

669,400 

Sl?R  =  0;  Freq.  =  30  HZ 

' ^Specimens  numbered  18  and  lower  forged  at  1038°C  (1900°F);  resolution  treated  at 
1 107°C  (2025°F)/1/SQ  to  815°C  (1500°F)/30  min.  Others  forged  1176°C  (2150°F) 
and  salt  quenched 


t 


t 
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Table  50 


Smooth  Fatigue  Test  Results  for  Forged  +. v 
Salt  Quenched  Ti-22Al-17Nb-lMo  (Alloy  26)U' 


Maximum 


Specimen 

Test 

Temp. 

Test 

Stress 

Specimen  Life 

Number 

°_C 

11 

MPa 

Ksi 

Cycles 

Remarks 

36 

21 

70 

690 

100 

15,700 

16 

427 

800 

621 

90 

194,600 

Grip  failure 

33 

427 

800 

483 

70 

1,993-400 

34 

427 

800 

552 

80 

>io6 

Uploaded 

34 

427 

800 

828 

120 

10,200 

37 

427 

800 

690 

100 

0 

FOL.  cracked  THD 

38 

427 

800 

690 

100 

1,500 

39 

427 

800 

586 

85 

612,900 

40 

427 

800 

518 

95 

406-400 

13 

650 

1200 

448 

65 

>io® 

Retested  @  815°C 

( 1500°F) 

14 

650 

1200 

483 

70 

152,300 

Grip  failure 

15 

650 

1200 

518 

75 

9-000 

17 

650 

1200 

483 

70 

>10° 

Retested  @  815°C 

( 1500°F) 

18 

650 

1200 

621 

90 

2,200 

32 

650 

1200 

518 

75 

10.300 

35 

650 

1200 

552 

80 

>10® 

Retested  @  815°C 

( 1500°F ) 

38 

650 

1200 

690 

100 

1,500 

13 

815 

1500 

448 

65 

55,400 

17 

815 

1500 

380 

55 

21,400 

35 

815 

1500 

483 

70 

14,500 
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-25Al-17Nb-lMo  Alloy  24  specimens 


ure  97 


-22Al-17Nb-lMo  Alloy  26  specimens. 


In  summary,  it  was  found  that  the  fatigue  lives  of  the  Phase  II  alloys 

were  not  substantially  different  than  previous  alloys,  and  that  fracture 

toughness  at  room  temperature  does  not  have  a  strong  effect  on  smooth 

fatigue  life.  It  is  probable  that  fracture  toughness  might  have  a 

stronger  effect  on  notched  fatigue  capability.  Most  grip  failures,  which 

are  indicative  of  notch  sensitivity  and  low  toughness,  occurred  in  Alloy 

24  specimens,  which  had  the  lowest  toughness.  Fatigue  capability  is  c 

probably  adequate  in  these  alloys  to  allow  use  in  gas  turbine  components 

such  as  blades. 


) 
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5.0  CONCLUSIONS  AND  RECOMMENDATIONS 


And  so  we  come  to  the  end  of  an  era.  This  is  probably  the  last  contribution 
by  the  authors  to  a  series  of  programs  on  titanium  aluminide  alloy  development, 
programs  that  date  back  to  the  mid  1970's.  We  do  not  mean  to  imply  that  there 
will  be  no  further  progress  in  titanium  aluminide  technologies,  rather  that  we 
will  no  longer  be  participants.  In  the  last  part  of  this  report,  recent 
results  are  compared  with  the  property  levels  achieved  in  alloys  developed  in 
the  earlier  studies.  One  can  see  from  these  comparisons  that  steady  rather 
than  spectacular  progress  has  been  made.  We  can  note  that  although  we  have 
come  close  to  achieving  the  rather  simplistic  goals,  set  over  ten  years  ago, 
an  alloy  that  meets  all  goals  simultaneously  remains  elusive.  Further,  for  a 
true  engineering  material,  there  is  much  additional  characterization  needed. 
Regretfully,  there  has  been  a  tendency  to  devote  quite  large  fractions  of 
available  resources  to  characterize  non-optimum  alloys. 

Analysis  of  the  data  in  this  report  leads  to  the  following  conclusions  from 
Phase  I  of  the  project: 

o  Higher  niobium  levels  (17-20%)  increase  ductility  and  toughness  but  tend 
to  reduce  creep  rupture  capability. 

o  Addition  of  lanthanum  or  rare  earth  elements  resulted  in  the  formation 
of  large  oxide  particles  often  at  primary  beta  grain  boundaries.  Slight 
gains  in  room  temperature  ductility  are  offset  by  major  reductions  in 
high  temperature  properties. 

o  In  attempt  to  demonstrate  definitively  that  toughness  could  be  increased 
by  deoxidation  using  rare  earth  element  as  a  getter,  a  modified 
Ti -25A1- 10Nb-3V- IMo  alloy  containing  0.3%  Er  was  converted  to  powder, 
consolidated  and  tested.  A  variety  of  process  and  heat  treatment 
variations  produced  only  marginal  increases  in  toughness.  In  addition, 
the  high  temperature  properties  [650°C  (1200°F)]  were  greatly  reduced. 


o  In  the  first  part  of  Task  1,  addition  of  2-4 %  molybdenum  was  found  to  be 
extremely  effective  in  raising  tensile  and  creep  rupture  strength. 
Fracture  toughness  was  equivalent  but  room  temperature  ductility  was 
poor  compared  to  previously  developed  alloys  such  as 
Ti-25Al-10Nb-3V-lMo. 


o  Chromium  additions  led  to  some  gain  in  rupture  properties,  tungsten 
produced  very  little  change  while  copper  reduced  lives. 

o  For  a  Ti-24 . 5A1- 17Nb  alloy,  a  fine  transformed  beta  structure  gave  a  < 

better  balance  of  properties  than  a  coarser  acicuiar  structure. 

Strength  increases  of  almost  a  factor  of  two  were  accompanied  by  no  loss 
in  ductility,  toughness  or  creep  strength. 

o  For  a  Ti-25Al-10Nb-4Mo  alloy,  isothermal  beta  forging  followed  by  direct 
isothermal  transformation  at  815°C  (1500°F)  gave  superior  properties  to 
a  beta  solution  treat  and  age.  In  the  latter  condition,  the  alloy  was 
brittle  to  650°C  (1200°F),  while  isothermal  transformation  gave  good 
strength  and  creep  capability  with  some  ductility.  The  improvement  was 
due,  in  part,  to  the  finer  grain  size  of  the  isothermally  transformed 
material . 


o  A  more  radical  approach  to  increase  toughness  was  by  the  introduction  of 
ductile  crack  stoppers  in  a  more  brittle  aluminide  matrix.  Candidate 
ductile  alloys  were  screened  and  Ti-15Al-22Nb  was  selected.  This  alloy, 
when  blended  in  powder  form  with  Ti-25Al-10Nb-4Mo  powder  and 
consolidated,  produced  toughness  increases  of  up  to  16.5  MPa^meter  (15 
ksi^lnch).  Although  the  toughness  of  the  blended  powder  mixtures  was 
increased,  major  reductions  in  tensile  and  creep  properties  over  the 
baseline  alloy  were  measured. 


V 

In  the  final  part  of  Phase  I,  an  attempt  was  made  to  combine  the  several 
factors  identified  that  improved  toughness.  Conclusions  from  Task  4  are  as 
follows: 
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o  Various  combinations  of  alloys  were  blended  in  powder  form  to  determine 
whether  improved  toughness  could  be  coupled  with  adequate  high 
temperature  properties.  Extensive  interdiffusion  between  the  particles 
pointed  to  the  need  for  better  chemical  matching  between  the  blended 
alloys.  The  large  reaction  zones  probably  caused  the  rather  poor 
property  levels  found. 

o  A  balanced  set  of  properties  was  obtained  for  the  Alloy  24  composition 
(Ti-24. 5A1- 17Nb- IMo)  isothermally  forged  from  ingot  and  transformed  in 
815°C  (1500°F)  salt.  Excellenc  strength  and  creep  rupture  levels  were 
combined  with  intermediate  toughness  and  ductility.  The  same  alloy 
fabricated  from  powder  had  slightly  less  attractive  properties  which  can 
be  traced  to  the  higher  aluminum  content. 

Phase  II  of  the  program  selected  three  alloys  with  varying  aluminum,  niobium 
and  molybdenum  levels  for  detailed  evaluation.  The  alloys  were  prepared  as 
VAR  ingot,  isothermally  forged  to  pancakes  ir  c  beta  field  and  quenched 
directly  into  salt.  Based  on  the  Its,  we  conclude: 

o  Tensile  properties  met  or  exceeded  go.'1  ’-equirements  in  all  alloys. 
Ductility,  at  room  temperature,  generally  exceeded  two  percent  and 
increased  as  aluminum  content  was  reduced. 

o  None  of  the  alloys  achieved  the  goal  toughness  level  of  33  MPa -y^neter 
(30  ksi-y^inch).  The  highest  value  was  29.4  MPa^/meter  (26.7  ksi-y/inch). 
Toughness  increased  quite  rapidly  with  temperature  and  the  low  aluminum 
alloys  would  probably  achieve  goal  levels  at  200°C  (400°F).  There  is  a 
strong  correlation  between  tensile  ductility  and  toughness.  Empirical 
relationships  were  developed  to  describe  the  toughness  result  as  a 
function  of  composition  and  temperature. 

o  Oharpy  impact  results  paralleled  those  for  fracture  toughness.  While 
improved  over  earlier  alloys,  the  initial  values  at  temperatures  less 
than  260°C  (500°F)  remain  quite  low. 
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o  Creep  rupture  lives  of  Phase  II  alloys  underwent  a  major,  as  yet 

unexplained,  decrease  compared  to  those  measured  for  similar  alloys  in 
Phase  I  or  in  earlier  development  programs.  It  remains  clear  that 
rupture  capability  increased  with  increasing  molybdenum  and  aluminum 
content.  For  aluminum,  the  optimum  rupture  resistance  seemed  to  occur 
between  24-25%  while  a  molybdenum  level  of  about  2%  offered  a  high 
rupture  life  with  a  good  balance  of  other  properties. 

Recommendations : 

o  There  is  no  simple  approach  for  further  alloy  development.  Some  factors 
that  should  be  included  in  any  future  program  include: 

-  A  more  detailed  study  of  thermomechanical  processing. 

-  Clarification  of  the  molybdenum  effect. 

-  Evaluation  of  elemental  additions  that  can  improve  creep  properties 
at  intermediate  temperatures. 

o  Prospects  for  useful  rapidly  solidified  dispersion  containing  alpha-two 
alloys  look  bleak.  It  does  not  seem  that  further  work  on  rare  earth 
(and  related)  elements  or  oxides  is  warranted. 

o  "Phase  blending"  as  a  toughening  approach  appears  to  have  some  merit. 

Any  futher  evaluation  should  concentrate  on  minimizing  interface 
reaction  and  establishing  the  property  characteristics  needed  to  retard 
or  arrest  cracks.  Obviously,  it  is  also  essential  to  find  additions 
that  do  not  degrade  other  desirable  characteristics  of  the  host  phase 
(creep,  modulus,  etc.). 
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